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Preface 

Thle  thesis  is  the  culmination  of  s  six  south  study  of  s  wall- 
stabilised,  transpiration-cool ed  ere  in  the  Thexaoaeehanics  Laboratory 
of  the  Aeronautical  Research  Laboratories  (ARL),  Wrlght-Pattarson  Air 
Ibree  Base,  Ohio,  under  the  supervision  of  Mr*  Rrlch  Soahngen,  Branch 
Chief,  The  concept  is  the  product  of  Mr.  Soehngen's  mind,  and  the 
original  investigation  of  the  nail-stabilised,  transpiration-cooled  are 
was  performed  in  ARL  by  Capt.  Peter  D.  Tannen  of  the  Graduate 
Astronautics  (Hass  of  1962  of  the  Air  Ibree  Institute  of  Technology, 
Wright-Patteraon  Air  Fbroe  Base. 

Wills  Capt.  Tannen' s  study  of  the  wall-stabilised,  transpiration- 
cooled  arc  ess  primarily  one  of  feasibility,  this  study  was  undertaken 
in  the  hope  of  achieving  a  preliminary  theoretical  approach  to  the 
questions  posed  by  the  are  device.  A  numerical  solution  to  the  KUanbaas- 
Heller  equation  was  obtained  for  the  arc  radius  as  a  function  of  are 
power  per  unit  length.  Experimental  verification  to  $%  was  obtained. 

In  addition,  qualitative  explanations  for  some  of  the  phenomena  ware 
postulated  based  on  these  results  and  on  the  literature.  Two  biblio¬ 
graphies  are  included.  The  first  contains  those  references  specifically 
used  for  ideas,  numbers,  end  comparison.  The  seoond  contains  those 
references  which  were  consulted,  but  not  used  directly  in  the  text  of 
this  thesis. 

However,  I  claim  credit  for  only  a  email  part  of  the  work  whioh  has 
gone  into  this  study,  and,  of  oourse,  all  the  errors  which  lie  therein. 
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My  deepest  thanks  and  appreciation  go  to  Mr.  firlch  Soahngen  for  hia  support 
and  willingness  to  hslp.  It  has  bsen  a  rare  pleasure  to  work  under  such 
a  creative  parson.  Also*  sy  slnosre  gratitude  is  extended  to  tha  personal 
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Abstract 

The  mll-rtiblllwd,  transpiration-cooled  are  device  consisted  of 
a  cathode  ehadar  oomtainlng  a  0.25-in,  diameter  tuagstan  cathode,  12 
hal  f-inoh  thick  call  segments  containing  porous  graphite  aegnante  through 
ihioh  argon  at  about  1.1  atn  we a  injected  into  the  0.25-in.  di neater  arc 
channel,  and  a  hollow,  cylindrical  water-oooled  ooppar  anode  idiioh  served 
ae  the  planm  exhaust.  Cooling  water  to  the  cathode,  the  well  sections, 
and  the  anode  provided  information  concerning  the  power  leases  to  the 
device  ccwponante.  The  argon  flows  to  the  cathode  chamber  and  each  wall 
aa^mnt  were  individually  controlled  and  monitored  by  specially  built 
colled  capillary  flowmeters.  The  device  proved  extremely  stabile,  and 
after  30  hoars  of  operation,  electrode  wear  was  not  detectable.  Tbr  arc 
powers  in  the  range  of  8  to  20  kw  DC,  and  mass  flows  on  the  order  of  22 
to  29  lb/hr,  gas  enthalpies  from  600  to  l,li00  Btu/lb  were  obtained  at 
a  device  efficiency  of  $0%,  A  numerical  solution  to  the  K1  ltnbaaa -Haller 
equation  was  formulated  by  assuming  a  locally  linear  variation  in  certain 
inconvenient  functions  of  teaperature.  Experimental  measurements  of  arc 
radios  as  a  function  of  arc  power  per  unit  length  agreed  with  theoretical 
predictions  to  5%  for  arc  radii  in  the  range  of  0.220  to  0.300  cm  at  are 
currents  of  U6  and  50  amps.  This  agreement  supported  the  assumption  of 
negligible  radial  mixing  and  heat  loss  within  the  oore  by  convection. 

The  turbulent  flow  of  gas  next  to  the  anode  prevents  formation  of  an  anode 
apot,  thus  keeping  the  power  loss  to  the  anode  constant  at  20 %  of  the  arc 
power.  A  aixple  cooling  effectiveness  model  has  been  proposed  to  explain 


lx 
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the  occurrence  of  a  change  In  elope  from  negative  to  positive  of  the  volt- 
aapere  characteristic  at  currents  of  the  order  of  50  amps  and  the  increase 
of  are  voltage  and  ooluan  gradient  with  increasing  mass  flow. 
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AM  EXPERIMENTAL  AMD  THEORETICAL 
STUDY  07  THE  WALL-STABILIZED, 

TRANSPIRATION-COOLED  DC  ELECTRIC  ARC 

I.  Introduction 

Background 

Electric  arcs  have  been  in  use  for  many  years,  and  considerable 
data  has  been  accumulated  concerning  their  behavior  in  nany  gases  and 
under  widely  varying  conditions  of  pressure  and  electrode  configuration. 

The  advent  of  high-speed  and  space  flight  has  stimulated  an  increased 
effort  in  electric  arc  technology  for  application  in  both  aerodynamic 
simulation  and  in  spaoe  propulsion.  Bade  and  John  of  AVCO  Research  and 
Advanced  Development  Division,  Wilmington,  Massachusetts,  performed  a 
rather  <xmf>lete  survey  of  the  state  of  the  art  of  plasma  generation  and 
published  this  in  the  ARS  Journal  in  January,  1961  (Ref  9«U-17). 

While  their  summary  goes  into  more  detail  than  is  desirable  at  this 
time,  it  does  indicate  that  the  primary  efforts  of  plasma  generation 
research  are  tending  to  three  major  areas  (Ref  9  »11 ) •  The  first  of  these 
is  an  improvement  in  performance  in  order  to  keep  the  sise  of  the  power 
supply  to  a  reasonable  minimum  without  sacrificing  output  power  and  to 
reduce  external  oooling  requirements  (Ref  9<7).  Plasma  generator  per¬ 
formance  is  defined  as  msTiaum  production  of  a  high-pressure,  high -enthalpy 
gas  for  as  great  a  power  input  as  possible,  with  minimum  losses  to  the 
device.  Vbr  wind-tunnel  heaters,  good  performance  is  a  matter  of  economy} 
for  space  propulsion,  it  is  a  must. 
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The  secondary  are*  of  primary  effort  la  that  of  redaction  of  contami¬ 
nation  of  the  exhaust  from  electrode  erosion.  This  la  especially  important 
in  hypersonic  research  where  purity  of  enviroment  must  be  maintained  in 
order  to  obtain  as  near  true  flight  conditions  as  possible  (Ref  9:9)* 

Also*  electrode  erosion  has  a  direct  bearing  on  the  third  primary  area  of 
interest*  and  that  is  increasing  the  lifetime  of  the  arc  devioes. 

This  last  area  is  self-evident  in  importance.  Good  approximation  of 
re-entry  conditions  requires  operating  times  of  several  minutes  with 
equipment  lifetimes  on  the  order  of  hours.  The  needs  of  future  space 
travel  may  necessitate  operating  times  on  the  order  of  days  or  months  and 
equipment  lifetimes  of*  possibly*  years.  Other  requirements  must  also  be 
met*  but  they  are  of  secondary  importance  to  these  primary  factors  of 
performance,  electrode  erosion*  and  equipment  lifetime. 

Approaches  which  have  been  taken  to  meet  these  criteria  include 
regenerative*  transpiration*  and  radiative  cooling  techniques  to  Improve 
performance]  vortex  flow  and  magnetic  fields  normal  to  the  arc  axis  to 
reduce  anode  erosion]  and*  physical  constriction  of  the  arc  to  produce 
forced  convective  oooling  in  order  to  boost  the  enthalpy  of  the  exhaust 
(Ref  9*7). 

Vtiile  no  great  progress  has  bean  made  in  any  of  these  areas*  one 
general  point  of  agreement  has  been  found.  The  electrode  configuration 
has  been  more  or  less  standardised  to  a  pair  of  coaxial  electrodes 
separated  by  an  annular  gap.  This  configuration  possesses  rotational 
sywswtry  about  a  central  axis  and  insures  that  at  least  part  of  the  gas 
flowing  through  the  device  will  pass  through  the  arc  oolum  where  heating 
occurs  (Ref  9*7).  However*  there  is  not  as  yet  any  one  type  of  plasma 


2 


(HO/Phys/63-2 

generator  which  has  proven  oospletely  satisfactory. 

The  Mall-Stabilised,  Transpiration-Cooled  Arc 

Consideration  of  these  and  other  problems  associated  with  plasma 
generation  led  Mr.  Erich  Soehngen  of  the  Thermomechanics  Branch  of  the 
Aeronautical  Re  ee  arch  laboratories  (ARL),  Vrigfat-Patteraon  Air  Fbroe 
Base,  Ohio,  to  ooncslve  the  idea  of  a  wall-stabilised,  transpiration* 
ooolsd  are  early  in  1961.  The  original  experimental  investigation  of 
this  device,  shown  in  Figs.  10  and  11,  pp.  2k  and  25,  was  performed  in 
the  winter  and  spring  of  1962  by  Capt.  Peter  0.  Taxmen  of  the  Graduate 
Astronautics  Class  of  1962  of  the  Air  Fbrce  Institute  of  Technology 
(AFIT),  at  the  Themoweohanics  laboratory  at  ABL  (Ref  16).  At  the  con¬ 
clusion  of  Capt.  Taxmen's  study,  it  was  decided  that  the  wall-stabilised, 
transpiration-cooled  arc  showed  great  promise  for  the  fields  of  electric 
arc  research  and  gas  heater  development.  The  device  proved  to  be 
extremely  stable  and  capable  of  efficiencies  and  gas  enthalpies  comparable 
to  cos—rclal  arc  unite. 

In  addition,  several  interesting  questions  concerning  the  character¬ 
istics  of  this  arc  arose  during  the  course  of  this  preliminary  study, 
and  Mr.  Soehngen  elected  to  continue  and  extend  it,  although  in  a  somewhat 
different  vein  from  Capt.  Taxmen's  investigation. 

First,  the  three  primary  variable  a  of  the  device,  vis.,  arc  length, 
power,  and  rate  of  mass  injection,  were  to  be  modified  to  Include  only 
ere  power  end  rate  of  mass  injection.  Furthermore*  the  total  length  of 
the  arc  column  was  Increased  to  its  design  limit  of  about  8-in.  (Fig. 11) 
by  use  of  twelve  injectors  instead  of  six,  which  had  been  the  previous 
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maximum,  The  increased  length  allowed  higher  are  voltages  and  powers  in 
the  sans  current  range  as  investigated  by  Capt.  Tannen, 

Seoond,  the  approach  to  the  problem  was  to  include  an  attenpt  at  a 
theoretical  model  which  could  successfully  explain  the  performance  of 
the  device,  and,  if  possible,  be  subject  to  laboratory  verification  by 
direct  measurement.  This  would  be  directed  first  at  the  electrical 
characteristics  of  the  arc,  and  second,  at  the  gas  flow  and  heat  exchange 
between  the  arc  colunn  and  the  cooler  gas. 

third,  the  remaining  parameters  of  the  arc  would  be  subject  to  a  much 
higher  degree  of  control  and  variation  than  was  the  case  in  Capt.  Tannen' a 
work.  This  included  individual  control  of  the  gas  flow  to  each  of  the 
twelve  wall  segments  and  the  cathode  chamber  and  more  complete  measurements 
of  the  power  losses  to  the  various  oosponents.  Also,  mass  flows  and  aro 
powers  ware  to  be  greeted  than  those  used  previously. 

The  Problem  and  Objectives 

In  summary,  the  problem  to  be  investigated  is  the  mass  and  enthalpy 
flow  in  a  radially  constricted  arc  discharge  with  transpiration-cooled 
walla.  The  primary  objectives  of  this  study  include  establishment  of  a 
preliminary  theoretical  prediction  of  the  electrical  characteristics  of 
the  arc,  confirmation  of  the  modal  used  by  experiment,  and  analysis  of  the 
overall  performance  of  the  device  in  light  of  the  available  theory  and 
data. 
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n.  Theory 

A  great  deal  of  tine  and  effort  has  been  spent  studying  the  charac-  . 
teristles  of  the  wall-stabilised,  DC  arc  (Ref  3:1).  Similarly,  much  wort 
has  been  done  in  the  field  of  transpiration,  or  sweat  pooling  and  Its 
offsets  on  the  fluid  and  heat  flows  in  a  pipe  (Ref  10 i 460-485).  In  either 
of  the  above  oases,  many  questions  have  yet  to  be  solved  analytically  to 
the  point  where  theory  and  experiment  are  in  good  agreement. 

Also,  difficulties  in  obtaining  experimental  measurements  add  to  the 
problem.  For  instance,  the  high  temperatures  and  electrical  phenomena 
associated  with  the  are  core  have  made  direct  measurements  of  tnqmrature, 
pressure,  and  other  important  factors  very  difficult,  if  not  impossible, 
until  recently.  Progress  has  bean  made  in  this  area,  and  a  probe  for 
measnremwt.  of  the  enthalpy  and  pressure  in  the  arc  core  is  now  in  use  in 
the  Brnnijona chanlc s  Branch  of  ARL  at  Wright-Patterson  Air  Force  Base,  Chlo. 

Another  problem  oasson  to  the  arc  and  to  the  pipe-flow  studies  is 
that  of  disturbing  steady-state  conditions  when  taking  or  atfcaapting  to 
take  measurements.  Oils  phenomenon  tends  to  distort  the  experimental  data 
obtained,  usually  in  unpredictable  ways. 

Moreover,  the  combination  of  the  two,  i.e.,  the  wall-staid limed, 
transpiration-cooled,  DC  arc,  compounds  the  experimental  end  analytical 
difficulties.  An  exact  solution  for  the  energy  balance  in  the  arc  oore 
becomes  almost  ljgwssibl*  (Rsf  4:171).  Similarly,  the  gas  flow  is  compli¬ 
cated  alnoe  the  gas  channel  is  no  longer  s  pipe,  but  an  annular  volume 
with  the  hot  core  concentric  on  its  axis  and  the  porous  walls  at  its  outer 
periphery.  Hence,  an  approach  similar  to  that  of  Cann  and  tenons  was 
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selected,  tad  the  wall -stabilised,  transpiration-oooled  are  km  broken 
down  into  a  two-part  discontinues  nodal  (Refs  3:U9j  6:8).  Although 
important,  tho  gas  flow  through  and  the  heat  exchange  within  the  porous 
wall  aegnanta  were  not  considered  except  for  the  effects  they  had  on  the 
ness  and  heat  flows  within  the  are  channel.  Also,  the  entrance  effects 
in  the  cathode  region  are  being  examined  by  Capt.  Benjamin  George  of  the 
1963  Graduate  Nuclear  Bagineerlng  Class  (GMB-63 ) ,  AFXT,  at  the  Themo- 
neehanics  Brandi  of  ARL,  Wrigbt-Patterson  Air  Force  Base,  Ohio  as  a 
separate  topic. 

The  Are  Begiop 

FTon  I.  S.  V.  Chaspion,  the  differential  equation  for  the  energy 
balance  in  a  high  pressure  are  eoluan  is 

Pat-7  Ci  T)  -  VIA  V  T)  +  B  n«  e’^  *  r\«R  E*  (1) 

=  density  of  gas 
=  Telocity  of  gas 

-  specific  heat  of  gas 

*  temperature 

*  coefficient  of  tliermal  conductivity 

-  empirical  constant,  dependent  on  gas  and 
conditions 

s  electron  density 

*  Bolt— arm1  s  Constant 

*  total  electron  and  ion  nobility 

*  electron  oharge 
■  positive  column  gradient 


where:  p 
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^  >  excitation  potential  given  by  Koch, 

Lseaannn,  and  Walther. 

The  first  and  aeoond  tana  of  Bq  (1)  are,  respectively,  the  rigorous 
sspressioce  for  the  oonvection  and  conduction  loeaea  .from  the  arc.  The 
third  ten  represents  the  radiation  loss  and  ia  only  a  good  approximation. 
The  right-hand  ten  ia  the  power  generation  per  unit  volune  within  the  arc 
colon.  Many  difficulties  are  inherent  in  Bq  (1),  and  only  for  the  greatly 
simplified  ease  of  a  vertical,  axLayaawtrlc  arc,  with  constant  gas  flow 
velocity  independent  of  audal  position,  aay  an  exact  solution  to  Bq  (1) 
be  obtained  (Hef  U>170).  Moreover,  since  8  nay  vary  with  the  gas  and 
other  conditions,  it  is  not  really  a  constant;  and,  no  values  of  B  were 
found  in  the  literature  for  various  gases  and  conditions. 

However,  a  theoretical  approach  using  sows  simplifications  was 
desirable.  Enari nation  of  the  available  data  for  the  viscosity  of  argon 
above  that  the  viscosity  increases  with  teaperature  to  a  Martians,  and  than 
decreases  soaawhat  with  further  teaperature  rise  as  shown  in  Fig.  1,  p.  8. 
Thus*,  for  the  purposes  of  the  discontinuous  aodel  chosen,  the  arc  oore 
aay  be  considered  so  viscous  as  to  approach  a  very  l<ot  rod  with  a  teaper- 
ature-dependent,  voluae  power  density  given  by: 

P.  =  0-E1  (2) 

iteret  Pv  =  povw  ci*nslty,  mtta/or 

<r  »  electrical  conductivity,  ahos/ca 
(Teaperature  dependent) 

E  -  electric  field  strength,  volts/on. 

The  high  viscosity  of  the  oore  region  then  eliainates  the  need  for  the 
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first  or  oonrection,  tent  is  Bq  (1).  The  regaining  tents  are* 

■”V(i.7T)  +  B  rve  (3) 

If  w  let  the  rediation  tent  becoae 

U  IT)  -  Bne6  ^  (U) 

and  the  power  generation 

o-E*  «  flrielt  E*  (5) 

than  Bq  (3)  beooees  for  the  steady-state  DC  arc,  with  eons  ainor 
rearrangement i 

“V*( k  VT)  U(T)  *  <rEa  (6) 

For  the  oyllndrically  syawtric  ease,  Bq  (6)  beeoases 

-i  h-(r*£)  +  U(T)  -  o-EA  (7) 

This  is  the  reknowed  EL lenbaas -Heller  Equation  for  the  steady-state, 
optically  thin,  DC  arc  (Ref  U*sl-2). 

\iiile  exact  solutions  to  Bq  (7)  are  possible,  their  coiplexity  and 
length  place  then  beyond  the  soope  of  this  study,  (The  interested  reader 
is  invited  to  check  Ref  lU.) 
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Instead,  a  fora  of  numerical  solution  suggested  by  Maj.  R.  C. 
Wlngeraon  of  the  Physios  Dspartasnt  of  AFIT,  Wrlght-Pattereon  Air  Force 
Base,  (Mo,  in  a  personal  eu— mnloation  was  employed*  This  Method  ass 
based  on  the  assumption  of  a  locally  linear  variation  with  radius  of  the 
inoomrenient  variables  in  Xq  (7).  Details  of  the  solution  are  given  in 
Appendix  A,  p.  8U,  as  Is  the  Fortran  aonputer  program  for  the  191 1620 
used  in  obtaining  solutions  for  various  parameters,  namely,  centerline 
teaperature  and  temperature  gradient,  and  electric  field  strength, 

Sinoe  experimental  data  for  the  thermal  and  electrical  conductivities 
of  argon  at  high  temperatures  was  not  available,  analytic  values  were  used 
in  the  above  program.  These  were  obtained  by  Cams  and  AVOO  from  a  statis¬ 
tical  Mechanics  analysis  of  the  higb-tenperature  transport  properties  of 
argon,  using  an  191  7090  digital  computer  (Refs  3»15U-155j  17). 

However,  Cam  gives  no  data  for  the  radiation  loss  per  unit  volume 
within  the  core.  AVCO  does  have  such  a  set  of  data,  and  this  was  used 
with  the  other  AVOO  data.  Also,  while  the  two  sets  of  values  for  electri¬ 
cal  conductivity  were  in  close  agreement,  the  thermal  conductivities  were 
widely  separated  at  teqperaturee  above  11,000°K.  The  above  sets  of  data 
are  presented  in  Figs.  2,  3,  and  U,  pp.  11-13,  showing  electrical  and 
thermal  conductivities  and  volumetric  radiation  power  loss,  respectively, 
versus  temperature. 

Vfeile  the  method  of  solution  employed  is  not  exact,  i.e.,  analytical, 
the  results  are  consistent,  A  Simeon's  rule  numerical  integration  was 
included  in  the  program  to  find  the  power  per  unit  length  in  watts/cm. 

The  results  of  this  integration. 
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Electrical  Conductivity  of  an  Argon 
Plasma  at  One  Atmosphere  Pressure 
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/RA 

ill  r  (T  E*  it  (7a) 

There  P  *  power/langth,  watta/cm 

E  3  electrical  field  strength,  wolte/ca 
<r  =  electrical  conductivity,  ohm“^  c*T^ 

( r  3  radius  at  which  <r  occurs,  ca 
RA  3  ere  radius,  ca 

show  that  is  sensibly  dependent  only  on  centerline  temperature  in  the 
range  considered,  13,000°!  to  6,000°!.  This  result  is  shown  in  Fig.  5» 
p.  15.  This  is  supported  by  additional  data  from  AVCO.  At  higher  center- 
line  temperatures,  PL  does  dhow  a  acre  pronounced  dependence  on  electric 
field  strength,  but  this  region  was  beyond  that  of  this  study. 

The  core  radius  is  defined  as  being  in  the  region  where  the  electrical 
conductivity  becoaes  (sensibly)  sero,  namely,  in  the  region  of  6,000°! 

(Ref  3  *67).  Fig.  6,  p.  16,  is  a  dimensionless  profile  of  the  arc  ooluan 
showing  the  variation  of  taq>erature,  temperature  gradient,  and  thermal 
and  electrical  conductivities  as  functions  of  the  dimensionless  radial 
distance  from  the  arc  core  center.  Figs.  7  and  8a,  pp.  17  and  18a,  present 
the  variation  of  arc  power  per  unit  length  as  a  function  of  are  radlns, 
with  electric  field  strength  as  a  parameter  for  the  data  of  Cann  and  AVOO, 
respectively.  Fig.  6b,  p.  18b,  shows  the  dependence  of  arc  power  per 
unit  length  on  the  product  of  field  strength  and  arc  radius. 

The  results  of  the  above  are  for  an  arc  at  one  atmosphere.  The 
data  from  AVOO  indicate  a  decrease  in  both  thermal  and  electrical 


Power  Per  Unit  Length  (kw/cm) 


Centerline  Temperature  (°K/10^) 

Fig.  5 

Arc  Power  Per  Unit  Length 
vs  Arc  Centerline  Temperature 


Dimensionless  Variable 
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Dimensionless  Radial  Arc  Profile 
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Arc  Power  Per  Unit  Length  vs  Arc  Radius  at  Constant 
Electric  Field  Strength  (Data  of  Carrn,  Ref  3) 


GHE/Phys/63-2 
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Arc  Power  Per  Unit  Length  vs  E*Ra 
for  Data  of  Cann  and  AVCO 
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conductivities,  and  an  increase  in  radiation  Ion  par  unit  volume  with 
inoraaaing  pressure,  below  15,000°!.  The  net  result  of  then  effect# 
will  be  a  decrease  la  are  radios  and  power  per  unit  length  for  a  giTan 
field  strength  and  centerline  temperature. 

The  Gas  Sheath 

Because  of  the  wide  range  of  variables  and  conditions  in  gas  dyaaad.cs, 
there  are  at  present  many  aathenatieal  aodels  to  describe  soae  of  the  wore 
staple  types  of  floes.  Each  of  these  aodels  entails  certain  simplifying 
assumptions  in  order  to  make  possible  a  solution  or  set  of  solutions  to  a 
particular  problem  or  class  thsreof .  It  is  this  very  aspect  of  the  mathe¬ 
matics  involved  which  makes  the  problem  of  the  ennui  er  sheath  of  gas  in 
the  wall-stabilised,  transpiration-cooled  arc  so  difficult.  Several  models 
wars  carefully  examined  on  the  baees  of  applicability  and  feasibility.  In 
cadi  case,  a  primary  assumption  which  was  not  physically  aooeptable  was 
found. 

0ns  of  the  first  aodels  considered  was  that  of  Rayleigh  flow*  However, 
one  of  the  six  basic  assumptions  was  that  the  flow  occurs  in  a  duct  with 
constant  cross-sectional  area  (Ref  2i6-U3).  Since  transpiration  ooollng 
involves  oonstant  mass  addition  through  the  walls,  the  mass  flow  increases 
with  duct  length,  and  the  net  effect  is  the  ease  as  for  a  converging  duct. 
Also,  the  flow  ia  assumed  frictionless,  but  cold-flow  pressure  measure¬ 
ments  showed  this  not  to  be  tbs  case  for  the  arc  channel. 

.  tamo  flow  offered  another  possibility  but  this,  too,  required  oonstant 
duct  area,  as  well  ae  adiabatic  flow  (Ref  2  *8—53).  Since  the  arc  le  a 
heat  aouroe,  the  latter  assumption  is  inapplicable. 
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It  mi  then  hoped  that  transpiration  flow  theory  sight  yield  sons 
■sane  of  approach  to  the  gas  sheath  problem.  However*  here  too,  certain 
assertions  basic  to  the  development  and  application  of  the  theory  were 
not  oonsi  stent  with  the  physical  pebbles*  The  transpiration-cooled,  flat- 
plate  nodal  was  no  good  since  it  oould  not  aeooont  for  increasing  ness 
flew  in  a  constant  channel.  The  nodal  of  transpiration-cooled  pipe  flew 
rested  on  the  assuaption  that  the  gas  tsaperature  and  velocity  were  —rim 
at  the  centerline  of  the  pipe  (Bef  10  jl*6l ) .  While  the  former  condition  is 
true,  the  latter  ia  complicated  by  the  effect  of  the  high  viscosity  of  the 
core  on  the  redial  velocity  profile.  Also,  these  approaches  did  not  use 
a  continuous  heat  source,  but  rather  a  hasted  gas  which  received  no  thermal 
energy  me  in  the  pipe  (Bef  10ti*£l,  1*70). 

furthermore,  the  transpiration  theory  for  pipe  flow  accurately 
predicts  ratios  of  transpiration  to  longitudinal  mass  flow  on  the  order 
of  0.01  or  leas  as  being  effective  In  reducing  the  oonvaetlwe  beet  transfer 
from  e  hot  gas  to  the  pipe  by  as  mah  as  90%  (Bef  19*17,  IB).  This  urns 
not  found  eaperimentally  by  Taman  for  the  wall-stabilised,  tranapirstion- 
oooled  are  (Bef  16*7$). 

But,  the  failure  of  the  above  approaches  to  solve  the  gee-sheath 
around  the  waH-etshi  ll  sad,  trsnsplration-oooled  arc  by  no  means  renders 
the  problem  insoluble.  Many  different  methods  have  yet  to  be  tried,  bat 
unfortunately,  lack  of  tins  plaoes  this  beyond  the  scope  of  this  study. 
Specific  reference a  which  may  provide  the  basia  for  a  euooessful  analytic 
approach  include  the  work  of  J,  T.  Howe,  who  used  a  numerical  qpproaoh  of 
a  transpiration-cooled  flat  plat#  with  a  laminar  boundary  layer,  ee  well 
as  the  work  of  Cassio,  and  Sherman  and  Tbs  for  electric  arcs  in  nosales 
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under  forced  connection  (Bef  8).  Farther  references  are  Included  in  the 
General  Bibliography,  p.  78. 
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HI.  Bern  Ip  went 

The  wall-stabilised,  tranepiration-oooled,  DC  arc  required  e  great 
deal  of  aupport  equipment.  Except  for  a  brief  description  of  the  actual 
arc  device  and  the  support  equipment,  only  the  list  which  appears  below 
will  be  presented  here.  For  further  information,  the  interested  reader 
is  invited  to  check  Appendix  B,  p.  9li,  where  the  instrumentation  is 
presented  in  detail  with  the  associated  schematics. 

The  block  diagram  in  Fig.  9,  p.  23,  is  numbered  to  correspond  with 
the  following  list  of  equipment! 

1.  The  arc  device  (Figs.  10  and  11,  pp.  21*— 25) 

2.  Electrical  equipment,  including  reciflers,  load 
resistance,  starting  equipment,  voltmeters  and 
amsmter  (Fig.  35,  P.  95) 

3.  Thermocouples  and  read-outs  (Fig.  36,  p.  97) 

U.  Water  flow,  monitoring  and  control  (Fig.  37,  p.  99) 

5.  Argon  flow,  monitoring  and  control  (Fig.  38, 

P.  100). 

The  figure  referenced  with  each  item  is  that  showing  the  schematic  of 
that  equipment. 

As  shown  in  Figs.  10  and  11,  pp.  2lx-25,  the  arc  device  consisted 
basically  of  a  0.25-in.  diameter  water-cooled  tungsten  cathode;  a 
transpiration-cooled  channel  (transpiration  column)  8-in.  long,  and 
0.25-in,  diameter  for  the  arc;  and  a  hollow,  water-cooled,  cylindrical 
oopper  anode  (Fig.  12,  p.  26),  All  components  were  designed  and  built 
at  ARL,  and  engineering  details  are  available  from  Maj.  Donald  E.  Bye, 
Thermomechanics  Branch,  ARL,  Wright -Patter  son  Air  Force  Base,  Ohio. 

Fig.  13,  p.  27,  is  a  photograph  of  a  pair  of  wall  segments.  The 
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KEY: 

1.  Arc  Device 

2.  Electrical  equipment:  rectifiers,  load  resistance, 
starting  equipment,  voltmeters,  a— inter 

3.  Thermocouples  and  read-oats 

U.  Water  flow,  monitoring  and  control 
5.  Argon  flow,  Monitoring  and  control 


rig.  9 


Overall  Equipment  Schematic  for 
Wall -Stabilised,  Transpiration-Cooled  Arc 
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Fig.  10 

Photograph  of  Arc  Device 


Cut-Away  Sketch  of  Arc  Device 
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Photograph  of  Anode  for  Arc  Device 
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lotograph  of  Disassembled 
d  Assembled  Wall  Segment 
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one  on  the  left  le  shown  with  its  component sj  the  one  on  the  right  is 
assembled.  The  transpiration  column  consisted  of  twelve  of  these  hollow 
copper  segments,  0.5-in,  thick,  and  2,0-in.  in  diameter.  Each  of  these 
segments  contained  a  porous  gradphite  insert  through  which  argon  gas  at 
about  1. 1-atmosphere  pressure  was  passed  into  the  column.  The  amount  of 
gas  to  each  disk  was  controlled  and  monitored  individually.  Surrounding 
each  segment  was  a  copper  cooling  line  used  to  measure  the  net  heat  loss 
to  the  wall  of  the  arc  channel.  Thermocouples  were  inserted  to  within 
0.062 5-in.  of  the  inside  wall  of  the  channel  in  four  of  the  disks  in 
order  to  monitor  the  tmqserature  and  thus  prevent  overheating  of  the 
injectors. 

Insulation  between  the  wall  segments  consisted  of  boron  nitride 
separators,  with  Crystal -M  paper  providing  a  gas-tight  seal  between  the 
disks  and  these  separators.  The  inside  wall  surface  alternated  between 
porous  graphite  and  boron  nitride  liners.  The  letter  were  inserted  in 
the  ooluan  wall  between  segments  to  keep  the  channel  diameter  uniform. 

The  electrical  equipment  Included  e  bank  of  stainless  steel  tube 
which  served  as  a  water-cooled  resistor,  as  well  as  two  water  resistors, 
which  were  oooled  by  inoersed  coils.  Power  wee  supplied  by  two  A.O.  Smith 
rectifiers,  one  for  starting,  and  the  other  for  normal  operation.  The 
starting  spark  was  supplied  by  e  30,000  volt  spark  generator  powered  by 
an  aircraft  lead-add  battery.  Siaplytrol  meters  were  used  for  arc  voltage 
and  current  measurements,  and  an  RCA  vacuum-tube  voltmeter  was  used  to 
measure  potential  differences  between  arc  eosponsnta  as  wall  as  the  rec¬ 
tifier  output  ripple  voltage. 

Iron-cons tan tan  thermocouples  of  various  manufacture  and  sites  were 
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and  to  Mlf»  temperature  neasurenauts  on  tin  cooling  wtor  to  and  trm 
thn  various  are  components,  tba  intarlor  wall  of  tha  are  channel,  and 
the  inlat  gas.  Bead-outs  for  tha  thernooouploe  vara  a  Brown  pyre— tar 
and  four  Simplytrola. 

the  flow  rate*  of  water  to  tha  various  are  components  ware  aondLtored 
with  Fiacher-Porter  Flovratora  with  a  Madman  flow  rating  of  1.87  gpn. 
Coiled  capillary  flown  tare  were  used  to  datandna  tha  individual  argon 
nass  flows  to  the  different  sections  of  tha  are  device. 

Additional  equipment  for  tha  are  radius  aeasaranants  ineladsd  a 
brass  window  holder  idiich  replaced  one  of  tha  center  disks,  a  quarts 
window,  a  oamra  and  optical  bench,  and  a  dansitoneter  for  datendning 
tha  arc  radius  tram  tha  negatives.  The  window  in  tha  are  device  is  shown 
in  Fig.  lb,  p.  30. 

As  Mentioned  previously  in  this  chapter,  tha  details  of  tha  Above 
support  aquipnanti  nay  be  found  in  ippandiv  B,  p.  9b,  with  tha  associated 
sob— tip  djagrana. 
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IV.  ftogstog 


General  Procedure 

Since  this  experiment  involved  high  voltages  and  currents,  a  fixed 
routine  ess  established  to  reduce  the  risks  to  personnel  and  equipment. 

The  first  step  ess  to  ensure  that  the  proper  amount  of  ester  ess  in  each 
of  the  ester-resistors.  The  ester  flow  to  the  resistor-cooling  coils 
was  then  checked,  and  the  water  flows  to  the  various  components  of  the  are 
device  were  established.  The  gas  to  the  cathode  chamber  and  to  each  of 
the  porous  disks  was  then  turned  on.  The  hi#  voltage  was  turned  on 
momentarily  to  Cheek  for  short  circuits  and  to  see  if  all  eryilpawnt  was 
functioning  properly. 

Starting  Procedure 

The  starting  procedure  for  the  wall-stabilised,  transpiratlon-oooled 
arc  was  based  on  a  method  suggested  by  G.  L.  Cano  of  the  Guggenheim 
Aeronautical  Laboratory,  California  Institute  of  Technology,  in  a  personal 
communication  at  ARL,  Wright-Patteraon  Air  Fbroe  Base.  This  method 
involved  the  use  of  two  independent  rectifiers,  and  a  radio-frequency- 
spark  generator.  The  tip  of  the  tungsten  cathode  was  fixed  at  about  1.0 
centimeter  from  the  bottom  of  the  lower  support  plate,  which  became  the 
secondary  anode,  of  the  transpiration  column.  Both  rectifiers  were  turned 
on,  producing  a  1,000  v/om  field  from  the  cathode  to  the  secondary  anode. 
The  spark  generator  was  connected  to  a  2l*-volt  aircraft  battery,  and  a 
spark  was  initiated  across  the  gap. 

This  produced  a  short,  low-voltage,  high -currant  arc  across  the  gap 
between  the  cathode  and  the  secondary  anode.  The  other  rectifier  was  still 
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at  open  circuit  potential  of  1,000  volte,  DC,  time  producing  a  field  on 
the  order  of  bo  V/oa  from  the  eeoondary  anode  to  the  primary  anode.  limn 
the  gee  flow  to  the  cathode  ehaaher  was  about  3.0  lb/hr,  and  that  to  each 
disk  about  1.7  lb/hr,  the  arc  would  transfer  automatically  from  the 
eeoondary  to  the  primary  anode.  The  rectifier  to  the  eeoondary  anode 
would  then  be  shot  off  and  final  adjmetmente  made  in  the  gas  flows  and 
total  arc  power  before  taking  data.  The  circuitry  for  this  procedure  is 
presented  sdhematleally  in  Fig.  3 5,  p.  95* 

Data 

The  data  recorded  for  each  run  included  total  arc  voltage  and  current} 
water  temperature  changes  and  flow  rates  for  the  cathode,  eeoondary  anode, 
each  of  the  3  groups  of  four  disks,  and  the  primary  anode;  inlet  gas  temper- 
store ;  wall  temperatures  at  b  stations  in  the  transpiration  oolumnj  gas 
flows  to  the  cathode  chamber  and  all  disks;  and  voltage  gradient  along  the 
length  of  the  column.  The  voltage  gradient  was  obtained  by  measuring  the 
voltage  across  each  pair  of  disks  and  dividing  by  the  separation  of  the 
centers  of  the  disks.  The  result  was  assumed  to  exist  midway  between  the 
disks  (see  Fig.  lb,  P*  30).  This  Is  s  common  assumption,  and  appears 
reasonably  good  (Ref  6tb).  The  sum  of  the  potential  difference  a  between 
components  agreed  to  within  $1  of  the  observed  total  column  voltage,  k 
sample  of  raw  date  is  presented  in  Table  I,  p.  81. 

With  the  window  in  the  are  colon,  the  neoeesary  data  included  the 
total  arc  current  and  voltage,  and  the  voltage  gradient  at,  above,  and 
below  the  window  to  determine  arc  power  per  unit  length.  Also,  the 
negatives  of  the  arc  photographs  and  the  densitometer  traeee  of  these 
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negatives  would  be  considered  date.  These  are  not  shown  here  but  are 
available  on  request  fron  the  author. 

Measure— nt  of  Arc  Radius 

The  Method  of  obtaining  the  arc  radii  fron  photographs  of  the  arc 
oolunn  was  suggested  by  Mr.  Paul  Sehrieber  of  the  Thex— ebaales  Branch 
of  ARL,  In  a  personal  nusunl  nation.  This  — thod  involved  taking  a 
series  of  still  photographs  of  the  arc  at  1/200  of  a  second  over  a  range 
of  stop  openings.  Then,  by  looking  at  the  negatives,  one  oonld  dot —I— 
the  proper  exposure  for  uee  In  the  danslte— ter.  Had— exposure  resulted 
in  a  light  negative,  without  —oh  density  and  contrast,  and  considerable 
noise  when  traced  by  the  dansi toaster.  Overexposure  resulted  in  a  large, 
blurred,  heavily  oontrasted  negative  which  indicated  a  greatly  oversieed 
arc  when  traced  by  the  densitometer,  iron  each  group,  as  aany  as  two  or 
three  negatives  were  usuable,  and  the  values  of  are  radius  ware  found  to 
agree  to±K%  the  experimental  Unit  of  error.  (See  Fig.  1$,  p.  3U.) 

The  recorder  chart  was  calibrated  by  passing  the  negative  through 
the  dsnsltoMter  and  obtaining  the  trace  across  the  vertical  dlaanston  of 
the  window.  A  sketch  of  this  plot  is  shown  in  fig.  16,  p.  35.  this 
dimension  of  the  window  was  —  insured  with  a  oathetome ter  and  the  longitu¬ 
dinal  scale  value  of  the  densitometer  traoe  wee  obtained.  The  vertical 
soale  of  the  traoe  was  in  units  of  relative  intensity. 

To  obtain  the  arc  radius,  the  negative  was  seamed  by  the  densitometer 
across  the  long,  or  horisontal,  dimension  of  the  window.  This  resulted  in 
a  plot  of  the  intensity  of  the  are  across  its  full  die— ter.  The  radius 
was  extrapolated  linearly  fron  that  portion  of  the  curve  where  the  traoe 
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Variation  of  Apparent  Arc  Radius  with 
Stop  Opening  of  Camera  at  1/200  second 
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Calibration  of  Densitometer 
Chart  with  Arc  Window  Width 
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Extrapolation  of  Arc  Diameter 
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ha*  a  practically  constant  slop#.  This  la  shown  ach— atloally  la  lit.  17, 
p.  36.  Extrapolation  wa  aacaaaltatad  by  the  fast  that  there  wee  aeea 
background  la  the  negative  free  reflection  firoa  the  bade  of  the  traae 
window  holder  and  froai  the  loadaona,  tarbalent  fringe  which  surrounded 
the  outer  periphery  of  the  oore.  This  appeared  In  the  dapejtaaeter  out¬ 
put  aa  noiee  and  deereaaed  the  definition  of  the  oore  edge,  i  check  of 
the  result  was  node  by  folding  the  trees  la  half  at  the  computed  center 
and  imarinlng  the  aywmetry  of  the  plot. 


Bangs  of  Variables 

The  wall-stabilised,  transpiration-cooled  are  offered  aaay  possible 
choices  of  variables.  These  included  total  arc  power,  or  voltage  and 
.current,  arc  length,  total  aasa  flow,  aasa  flow  to  individual  oomponmnta, 
and  operating  praaaura  in  the  ere  channel.  In  order  to  reduce  the  eoope 
of  the  experiment,  it  waa  decided  to  keep  the  length  ooaatant.  hr  the 
twelve-disk  configuration,  this  aaant  a  transpiration  column  about  6-in. 
long  and  a  total  arc  length  of  about  8-in. 

ha  addition,  the  naae  flow  to  each  individual  ooaponant  waa  bald 
equal  to  that  to  any  other  component;  i.e.,  only  the  total  anas  flow  was 
varied.  Also,  the  gaa  pressure  in  the  arc  charnel  was  Maintained  me  near 
a tno spheric  pressure  as  possible  with  the  powers  and  ness  flows  under 
consideration,  for  high  flow  rates  and  are  powers,  the  praaaura  in  the 
cathode  rthmahar  aay  hare  been  on  the  order  of  2  atm,  but  no  pressure 
measurements  were  aada. 

The  current  was  varied  from  about  35  to  75  api  DC)  the  voltage, 
from  220  to  275  volts  X.  Three  total  mass  flows  were  usedi  22.13  lb/hr, 
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25.72  lb/hr,  and  29.20  lb/hr.  Table  n,  p.  82,  above  the  relationship 
between  the  total  aass  flow  and  the  injection  rate  to  each  component  in 
lb /hr. 

The  range  of  are  power  was  7.9  to  19.it  hr.  The  0  be  erred  increaeea 
in  the  specific  enthalpy  of  the  argon  varied  from  600  to  UtOO  Btu/lb. 

Are  radius  ■easuraaenta  were  wade  at  current  of  it6  and  50  asps,  with 
power  par  unit  length  in  the  range  of  301  to  665  w/cn  in  the  vicinity  of 
the  window.  The  argon  flow  for  these  Measurements  was  22.13  lb/hr.  The 
variation  in  arc  radius  was  0.200  cm  to  0.286  cm.  Arc  powers  were  9.66 
kv  and  10.5  kw. 
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V.  Discussion  of  Basalts 

The  veil-stabilised,  transpiration-cooled  are  device  vas  found  to 
be  very  stable  and  relatively  easy  to  operate.  The  are  characteristics 
were  readily  obtained  within  the  range  of  paraawters  selected.  The  choioe 
of  gas  flow  vas  United  by  the  pressure  at  the  low  pressure  asnifold, 
sinoe  as  heat  is  added  to  a  fluid  novlng  in  a  pipe,  a  greater  pressure 
drop  in  the  pipe  is  necessary  to  aalntaln  constant  aass  flow.  The 
flows  ters  for  the  argon  ware  calibrated  to  an  up  stress  pressure  of  30 
psi,  and  higher  pressures  were  required  for  n ass  flow  beyond  those  finally 
used.  Are  radius  neasurewnts  were  aade  under  relatively  low  flow  and 
low  power  conditions  to  aaintain  atan spheric  pressure  in  the  are  channel. 

Ho  other  serious  problem  such  as  insulation  failure  or  component  over** 
besting  occurred,  end  the  device  showed  no  visible  signs  of  wear  after 
30  hours  of  operation, 

Vblt-Aapsre  Characteristics 

Fig.  18,  p.  1*0,  shows  the  volt-eapare  characteristics  of  the  ere 
device  over  the  range  of  power  and  aass  flow  investigated.  Table  U, 
p.  82,  show  the  relationship  between  total  aass  flow  and  the  injection 
rate  to  each  component  in  lb/hr. 

Aa  is  readily  seen  in  Fig.  18,  p.  UO,  the  total  arc  voltage  is 
sensitive  to  the  aass  flow  in  the  discharge  channel  and  tends  to  increase 
with  Increasing  aass  flow  at  constant  currant.  This  has  bean  found  exper- 
lwntally  by  several  investigators,  including  Cam,  McOlxm,  and  Schoeck, 
and  seaas  to  be  equivalent  to  an  increasing  resistance  with  Increasing 
aass  flow  (Refs  3*101j  lit 971 j  15(103).  Tbs  above  have  not  considered  an 
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Arc  Voltage-Current  Characteristics 
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arc  in  a  with  oonatantly  increasing  mass  flow,  bat  rather  they 

have  dealt  with  constant  aasa  flow  through  the  entire  channel.  Neverthe¬ 
less,  the  effeet  appears  to  be  the  saas. 

This  apparent  increase  in  resistance  with  increasing  aasa  flow  at 
constant  current  nay  be  explained  qualitatively  in  terns  of  a  staple 
aodel  based  on  the  oooling  of  the  arc  by  the  eorrounding  gaa.  This  aodel 
has  as  its  only  assoaption  the  physical  law  that  energy  and  aass  mat  be 
oonserved,  and  that  the  arc  davioe  obeys  this  principle.  If  the  gas 
in  the  annular  sheath  reaoves  a  given  quantity  of  heat  by  convection  from 
the  aurfaoe  of  the  arc  core,  then  that  amount  of  heat  must  be  supplied  to 
the  surface  by  power  generation  and  conduction  within  the  core.  Since  the 
convection  losses  in  the  oore  are  saall,  and  the  cooler  argon  is  sensibly 
transparent  to  any  radiation  from  the  oore,  the  rpiaary  mans  by  which 
heat  generated  internally  reaches  the  surface  of  the  arc  is  conduction. 

If  the  cooling  of  the  arc  were  increased  and  the  current  held  constant, 
than  one  would  indeed  expect  the  total  voltage  to  increase  in  order  to 
increase  the  power  generation  and  maintain  the  energy  balance  between  the 
oore  and  the  surrounding  gas  sheath  (Ref  £>332).  The  initial  increase  in 
oooling  could  be  easily  obtained  by  increasing  the  mass  flow  in  the  are 
channel. 

Another  way  of  explaining  this  behavior  is  to  oonsider  the  effect 
the  oooling  has  on  the  mean  arc  temperature.  Lowering  this  temperature 
would  decrease  the  electrical  conductivity,  and  hence,  arc  voltage  would 
increase  with  an  increase  in  mass  flow  at  constant  currant. 

The  concept  of  oooling  the  are  may  also  explain  the  change  in  the 
slope  of  the  voltage-current  characteristic  from  negative  to  positive  for 
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the  wall-stabiliaed,  tranapiration-oooled  arc  in  the  range  of  relatively 
low  cmrreata,  i.e.,  at  about  50  asps.  This  phenoaaaon  was  previously 
observed  near  Uo  u^»  by  Taxman  in  the  preliminary  investigation  of  this 
arc  devioe  at  ARI  (Ref  16x17).  Reams  reports  this  change  from  a  negative 
to  positive  slope  to  occur  in  the  range  of  80  to  120  aeps  for  gas  flows 
on  the  order  of  0.106  lb^xr  and  an  arc  length  of  13*6  and  5*6  oa, 
respectively,  for  a  non-tranapiration-oooled  arc  (Ref  6tl3a).  Other 
sources  report  even  higher  currents  at  higher  aass  flows  for  the  mXwx—w 
in  the  curve  (Ref  9 >9). 

If  the  hypothesis  is  aade  that  the  cooling  effectiveness  of  the 
annular  gas  aheath  surrounding  the  core  reaalns  nearly  oonstant  with 
Increasing  aro  power  at  oonstant  aass  flow,  then  the  early  occurrence 
of  the  alnl  ana  in  the  voltage -current  characteristic  any  be  explained. 

That  is,  as  the  are  power  is  increased  at  oonstant  aass  flow,  the  gas 
carries  the  extra  power  away  fnoa  the  surface  of  the  core  and  Maintains 
the  energy  balance.  The  heat  transfer  data  which  is  presented  graphically 
in  Figs.  27,  28,  29,  and  30,  pp.  58-61*  seeas  to  support  this  particular 
hypothesis  of  constant  cooling  effectiveness  at  constant  aass  flow. 

Indeed,  the  heat  loss  to  any  particular  component  of  the  dsvioe  is  seen 
to  reaain  an  approximately  constant  fraction  of  the  total  power,  irrespective 
of  aass  flow  or  power.  This  is  also  seen  for  the  overall  efficiency  of 
the  device  which  appears  to  be  nearly  constant  at  5 OX  for  all  powers  and 
gas  flows  (Fig.  30). 

Arc  Oolusn  Voltage  gradient 

Figs.  19,  20,  and  21,  pp.  U3-U5,  present  sons  of  the  typical  values 
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Axial  Electric  Field  Strength  vs  Axial 
Distance  from  Cathode  for  Hj.  *  22*13  Ib/hr 
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of  the  voltage  gradient  as  a  function  of  aadal  distance  from  the  cathode 
over  the  experimental  power  range  for  each  of  the  three  mass  flows.  The 
cathode  and  anode  falls  are  not  shown,  bat  will  be  presented  and  discus eed 
later  in  this  chapter.  Vftiile  the  voltage  gradient  data  looks  erratic. 

Fig.  22,  p.  1*7,  shows  the  averages  of  the  voltage  gradients  over  all  arc 
powers  observed  at  each  point  for  each  mass  flow.  It  is  readily  seen 
that  the  gradients  tend  to  Increase  with  increasing  distance  from  the 
cathode  and  with  increasing  mass  flow.  Also,  the  resemblance  in  the  saw¬ 
tooth  shapes  of  the  four  graphs  is  apparent.  The  connecting  lines  are 
only  for  purposes  of  presentation  and  are  not  Intended  to  represent  the 
true  variations  in  field  strength  between  the  observed  points. 

The  cooling-effectiveness  model  can  also  be  used  to  explain  the 
trend  for  the  gradient  to  increase  with  increasing  axial  distance  from  the 
cathode.  As  the  arc  proceeds  up  the  channel  toward  the  anode,  the  mass 
flow  in  the  arc  channel  increases.  The  result  is  that,  in  order  for  an 
energy  balance  to  be  maintained  between  the  core  and  gas  sheath,  the  power 
per  unit  length  generated  by  the  arc  oust  increase  as  the  surrounding  gas 
removes  more  heat  from  the  arc  surf  ace .  Since  the  arc  is  a  "series"  cir¬ 
cuit,  the  current  remains  constant  along  its  length,  and  the-  coliun  gra¬ 
dient  must  Increase  as  the  power  increases.  In  addition,  any  decrease  in 
pressure  from  the  cathode  to  the  anode  in  the  arc  channel  will  add  to 
this  effect  because  of  the  changes  in  the  electrical  and  thermal  conduc¬ 
tivities  with  pressure. 

The  peculiar  saw-tooth  shape  of  the  voltage  gradient  as  a  function 
of  distance  from  the  cathode  was  not  expected,  and  is  not  understood 

at  this  time,  While  distortions  in  the  field  strength  are  known  to  occur 
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Average  Axial  Electric  Field  Strength  vs  A: 
Distance  from  Cathode  for  Each  Mass  Flow 
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near  the  ends  of  are  channels,  these  effects  are  not  of  sufficient 
magnitude  to  produce  the  saw-tooth  behavior  found  in  the  wall-stabilised, 
transpiration-cooled  arc  (Ref  6tU).  Three  phenomena  may  be  responsible  . 
for  this  behavior,  bat  further  experimente  are  necessary  to  obtain  the 
data  needed  to  verify  them. 

The  first  of  these  phenomena  is  the  previously  hypothesised  cooling 
effectiveness.  This  can  be  used  successfully  to  account  for  the 
peak  in  voltage  gradient  which  occurs  between  the  first  and  second  disks, 
as  seen  in  Fig.  22,  p.  U7.  The  flow  of  gas  around  the  arc  in  the  cathode 
chamber  ia  longitudinal,  but  as  one  proceeds  up  the  arc  channel  from  the 
cathode,  the  flow  beoomes  more  complicated. from  the  injection  of  gae  at 
the  first  wall  segment.  This  produoes  an  increase  in  the  cooling  of  the 
arc,  resulting  in  a  rise  in  the  voltage  gradient  as  the  power  generation 
increases.  This  possibility  can  be  cheeked  by  reducing  the  flow  from 
the  first  injector  to  as  near  aero  as  possible  and  observing  the  resultant 
behavior  of  the  voltage  gradient  in  this  vicinity.  If  the  peak  is  caused 
by  the  cooling  of  the  arc,  this  procedure  should  shift  the  peak  away  from 
the  cathode  or  further  \q>  the  channel. 

However,  the  cooling  effectiveness  is  closely  related  to  the  gas  flow 
around  the  arc,  and  this  latter  is  the  seoond  phenomenon  which  will  be 
considered.  Since  an  analytic  solution  to  the  gas  flow  in  the  annular 
ring  about  the  arc  core  was  not  achieved,  many  quantitative  questions 
were  left  unanswered.  A  possibility  does  exist  that  there  le  a  periodic 
growth  and  decay  of  the  boundary  layer  around  the  core,  and  that  the 

"wavelength"  of  this  layer  does  not  ooinoida  with  the  "wavelength"  of  the 
gas  injection.  Thus,  a  "bast"  could  be  produced  in  the  cooling  of  the  are 
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and  the  shape  of  the  voltage  gradient,  and  the  appearance  of  the  aeoond 
aharp  rise  in  voltage  gradient  between  diake  8  and  9  nay  be  explained. 

Oils  can  aleo  be  ofaeoked  by  varying  the  flow  to  individual  disks  and 
observing  the  behavior  of  the  voltage  gradient. 

Also,  the  existence  of  a  aonio  shook  or  flow  transition  fron  laminar 
to  turbulent  flow  nay  be  responsible  for  this  seoond  peak.  Static  wall 
pressure  measurements  are  necessary  to  detendne  if  either  one  or  both  of 
these  two  possibilities  do  indeed  exist  in  the  channel.  Again,  a  theoret¬ 
ical  analysis  of  the  gaa  flow  in  the  arc  channel  nay  yield  the  answer  to 
these  questions. 

The  third  phenomenon  ia  one  which  has  a  direct  relationship  to  the 
equipment.  An  unevenness  in  the  column  diameter  caused  by  erosion  of  the 
graphite  injectors  may  be  the  cause  of  the  saw-tooth  behavior  of  the 
gradient.  Barly  attempts  at  start-up  resulted  in  several  Short,  high- 
power  runs  in  the  vicinity  of  30  to  Uo  kw,  well  beyond  the  capacity  of  the 
arc  device  In  its  present  configuration.  While  no  damage  was  visible  in 
the  column,  lack  of  time  prevented  dismantling  of  the  devloe  and  inspection 
of  the  injectors  to  determine  the  full  nature  of  possible  damage  to  them. 
Sines  erosion  could  prodnoe  a  distortion  in  the  gradient,  the  apparent 
oscillatory  nature  of  the  voltage  gradient  would  then  be  e  coincidence  of 
no  real  physical  significance.  Hew  injectors  of  either  carbon  or  some 
other  high-tasperaturs,  porous  material,  such  ae  siroonia  or  oereor  porous 
glass,  would  have  to  he  installed,  and  the  behavior  of  the  voltage  gradient 
observed  to  aee  if  the  voltage  gradient  were  sensitive  to  variations  in 
the  channel  disaster. 


One  additional  possibility  which  was  considered  was  that  there  was 
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*  ilgnlfl cant  leakage  current  uhich  distorted  the  potential  gradient 
through  the  connecting  water  lines  in  the  three  groups  of  It  disks.  Since 
sepwate  8  end  9  were  not  in  the  sane  Pooling  current,  this  leakage  current 
oould  not  occur*  However,  if  this  were  the  case,  a  Similar  peak  would  be 
expected  between  eegnents  It  and  5  since  these  were  not  in  any  way  connected 
electrically.  It  is  readily  seen  in  Fig.  22,  p.  U7,  that  the  voltage 
gradient  does  Just  the  opposite  at  this  position  and  deoreases* 

Also,  Hsnons  states  that  serious  distortion  of  potential  differences 
between  well  eegnents  nay  occur  if  the  Insulation  between  segments  is  lass 
than  1,000  ohna  (Ref  6«U).  A  check  with  a  vacuum-tube  voltmeter  showed 
several  thousand  ohms  resistance  between  those  segments  connected  with 
tygon  pooling  lines,  and  an  essentially  infinite  resistance  between  those 
segments  not  so  connected.  Thus,  the  possibility  of  leakage  currents 
between  segments  sufficient  to  produce  distortions  in  the  voltage  gradient 
is  eliminated* 

Cathode -Secondary  Anode  Voltage  gradient 

Fig*  23,  p.  51,  presents  the  values  of  the  voltage  gradient  between 
the  cathode  and  secondary  anode  over  the  full  range  of  arc  powers  and  aase 
flows  investigated.  While  there  does  appear  to  be  a  tendency  for  this 
voltage  gradient  to  Increase  with  either  increasing  mess  flow  or  increasing 
arc  voltage,  no  regular  pattern  is  apparent  in  the  data,  and  no  explanation 
can  be  offered  at  this  time.  The  plot  of  this  gradient  vs  power  shows  even 
lees  ooherency  than  that  in  Fig.  23*  The  phenomena  end  effects  in  the 
cathode  region  of  an  are  discharge  wen  investigated  by  Capt.  B*  W.  George 
of  OH-63  at  A  ITT,  in  the  Thermoaechanlcs  Laboratory  of  ARL. 
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Oe—nt  12-Anods  Volt— »  Gradient 

Fig.  2U,  p.  53,  showa  11m  behavior  of  the  electric  field  between 
segment  12  (the  lest  well  segment)  end  the  enode.  The  distence  used  for 
owgmtation  wes  taken  as  that  between  the  center  of  this  lest  segeent 
and  the  bottom  of  the  anode.  Vfcile  this  is  not  rigorously  oorrect,  it 
does  serre  to  give  an  idee  of  the  field  strength  in  this  region.  In 
addition,  the  effective  length  of  the  anode  is  not  known.  The  data  is 
presented  as  a  function  of  are  power  with  total  ness  flow  as  a  parameter. 
There  is  a  significant  amount  of  scatter,  but  the  observed  points  <k>  seen 
to  indicate  a  relatively  constant  value  of  field  strength  for  constant 
■ass  flow.  The  broken  lines  are  the  numerical  averages  of  the  gradient 
for  each  mass  flow  over  all  powers.  The  solid  lines  represent  an  "eye¬ 
ball"  estimate  based  on  the  grouping  of  the  observed  points. 

Fig.  25,  p.  5U,  presents  a  plot  of  the  average  values  of  the  gradient 
between  the  last  injector  and  the  anode  as  a  function  of  total  mass  flow, 
although  the  data  is  insufficient  to  prove  the  apparent  linear  relation¬ 
ship,  there  is  an  indication  that  this  may  be  case.  Sohoeek  reports 
that,  for  a  transpiration-cooled  anode,  the  total  aro  voltage  increases 
nearly  linearly  with  mass  flow  through  the  anode  in  such  a  manner  as  to 
be  almost  insensitive  to  arc  currents  on  the  order  of  100  a^»  (Ref  15 t 103). 
Hie  data  was  presented  for  an  arc  with  operating  voltages  on  the  order  of 
30  volts,  a  maximum  length  of  1.5*la»,  and  a  Minimum  length  of  0. 25-in, 

Thus,  if  one  oonsiders  the  arc  in  the  region  of  the  lest  wall  segeent  and 
the  anode  to  behave  similarly  to  Schoeok's  arc,  the  results  of  the  data 
for  the  transpiration-oooled  aro  appear  reasonable.  Zt  must  be  noted  hare 
that,  for  the  wall-etebilised,  transpiration-cooled  are,  arc  power  varies 
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Electric  Field  Strength,  Segment  12  to  Anode 
as  a  Function  of  Arc  Power  and  Hass  Flow 
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nearly  linearly  with  current  at  oonatant  hh  flow*  (8m  Fig.  18,  p.  bo.) 
And,  the  anode  of  tho  transpiration-cooled  are  was  not  transpiration 

oooled,  tharo  was  no  eTidenoe  of  an  anoda  apot,  althar  by  visual  observe- 
tion  of  tha  arc  through  a  filtar,  or  by  inapaotion  of  tba  lunar  surfUM 
of  tho  ooppar  anoda.  Sohoaek  alao  aada  thia  observation  (Raf  I5i93).  - 

Moreover,  jtm  tho  aro  was  observed  through  a  filtar,  tharo  was  a 
roglon  about  1-m  thick  of  relatively  low  laadnseoanm  between  tha  exhaust 
Jot  and  tha  anoda  aurfaoa.  Tha  flana  waa  about  2-  or  3-ea  high*  and  had 
a  rounded  rather  than  pointed  appear anoe.  On  tho  baaia  of  work  done  by 
Winter,  it  was  ooneludod  that  tha  anoda  exhaust  Jot  of  tho  well-etablllaed, 
transpiration-oooled  are  was  turbulant  (Raf  18  >51)*  Calculation  of 
Reynolds  umbers  for  tho  sxparlsamtal  mass  flows  in  a  duet  0.25-ln,  in 
dime  tor  alao  indieatad  a  turbulant  flow  aituation,  at  least  next  to  tba 
aanda.  (8m  Fig.  26,  p.  $6.) 

Tha  non-axis  tacos  of  an  anoda  apot  Mans  that  the  gas  tagiw  etare 
next  to  tho  anode  is  relatively  law  in  ooqparlson  to  that  of  tha  aro 
oora.  Sinoe  the  electrioal  oonduetivity  of  argon  is  sensibly  aero  below 
6,000°K,  thermal  ionisation  is  not  likely  aa  a  method  of  charge  transfer 
from  tha  aro  to  tha  anoda.  However,  if  tha  larger  portion  of  tha  also  trio 
field  obearved  in  the  anode  region  existed  across  a  thin  layer  of  oold 
gaa,  than  a  sufficient  number  of  electrons  from  tha  core  oould  penetrate 
thia  oold  layer  to  carry  tha  aro  currant  to  tha  anode.  Tha  available 
aurfaoa  of  tho  anoda  is  10.1  aq  cm,  and  low  currant  densities  are  possible. 
Anoda  spots  require  current  dansitlM  on  the  order  of  It/*  asp/eq  on,  but 
currant  densities  of  about  10  a^/sq  oa  may  occur  for  tha  com  with  no 
anode  apot  (Raf  9<13). 
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Power  Los—  and  Devios  Perforwanna 

Pigs.  27,  28,  and  29,  pp.  $8-60,  present  the  power  losses  to  the 
▼arlous  opponents  of  the  wall-atabiliaed,  transplration-oooled  are  as 
functions  of  aro  power  at  constant  mass  flow.  The  cathode  los—  were 
about  1$  of  tiie  arc  power,  hat  are  not  shown  for  clarity  of  presentation. 
Pig.  30,  p.  61,  presents  the  overall  power  lose  (lnolndlng  cathode 
losses)  to  the  device  vs  input  power  over  these  sane  ranges.  Jbr  each 
ongponent,  as  well  as  the  total  dsvloe,  the  fractional  power  loss  seeas 
to  be  approxiaately  independent  of  the  sass  flow  or  the  arc  power.  Hie. 
total  loss  seeas  oonstant  at  abont  $0%.  As  Mentioned  previously  in  this 
chapter,  tills  tends  to  support  the  hypothesis  that  the  cooling  effective¬ 
ness  of  the  gas  is  constant  at  constant  mass  flow.  In  the  prelialnary 
investigation  of  this  device  at  ARL,  Taxmen  reported  that  the  overall 
efficiency  seamed  to  approach  a  Halting  value  of  about  $Of  for  the 
longest  configuration  be  considered  idiich  was  half  the  length  used  in 
this  experiasnt  (Ref  16<23).  The  physical  reasons  for  this  behavior  are 
not  known  at  this  tins,  and  no  explanation  can  be  offered  here. 

However,  it  is  felt  that  the  prinary  loss  which  occurs  in  the  system 
■ay  be  radiation  fro*  the  core.  The  gas  flow  at  the  well  is  radially 
inward,  and  conduction  and  convection  losses  to  the  walls  should  be  snail. 
Radiation  losses  from  argon  arcs  do  becone  significant  at  higher  tespera- 
tures  (and  hence  higher  powers),  as  —  n  in  Fig.  U,  p.  13,  but  the  counter 
flow  through  the  walls  reduces  the  net  loss  to  this  systsn.  Radiation 
oould  aooount  for  the  higher  losses  to  the  wall  sections  as  one  proceeds 
up  the  arc  channel  from  the  cathode  and  the  arc  power  per  unit  length 
increases.  Also,  the  gas  in  the  channel  beooaes  hotter,  and  this  does 
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Power  Losses  to, Arc  Components  vs 
Arc  Power  for  ty.  •  25.72  lb/hr 
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Total  Power  Loss  to  Arc  Device 
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tend  to  increase  any  conduction  and  conractlon  loaeea  to  the  vail  sections. 
The  20%  loss  to  the  anode  ia  lover  than  for  the  conventional  anode,  and  la 
qjproxLnately  as  reported  by  Schoeok  for  the  transpiration-cooled  anode 
(Ref  l£tlOO). 

Pig,  31,  P«  63,  presents  the  specific  enthalpy  rise  of  the  argon  for 
the  total  range  of  arc  povers  and  argon  flow  rates.  Ihe  specific  enthalpy 
is  seen  to  depend  on  the  arc  power  at  conatant  vase  flow  in  approximately 
a  linear  Banner.  This  oould  arise  because  of  the  constant  oooling  of  the 
are  and  the  independence  of  the  efficiency  of  the  danrioe  on  naas  flow  or 
power  in  the  experinsntel  range,  Ihe  specific  enthalpy  is  not  as  high  ea 
■one  attained  by  Tannan  in  his  work  with  this  device,  bat  the  overall 
efficiency  is  greeter  as  are  the  total  arc  power  end  ness  flow  (Ref  16:22), 
Uiile  this  device  was  not  primarily  designed  as  a  high-enthalpy  gas 
heater,  the  efficiencies  and  enthalpies  attained  in  this  axparlnant  are 
ooaparable  to  thoae  of  sons  of  the  larger  coaeereial  heaters  (Ref  9:9), 

Tig.  32,  p.  6U,  presents  a  sarin  of  the  well  temperatures  observed 
in  each  of  the  four  positions  (segeants  1,  $,  9,  end  12)  for  fear  powers 
et  each  aass  flow.  The  abscissa  is  arbitrary,  and  the  lines  connecting 
the  data  points  are  not  intended  to  represent  the  waU-ta^srature 
variations  between  the  points.  The  purpose  of  the  figure  is  Barely  to 
present  graphically  the  behavior  of  the  wall  tmperatures  as  functions 
of  position,  povar,  and  naas  flow. 

As  ia  readily  seen  in  fig.  32,  the  behavior  of  the  wall  temperatures 
sense  to  reeenble  that  of  the  voltage  gradient  as  presented  in  Fig.  22, 
p.  1*7.  On  the  basis  of  previous  discussion,  the  occurrence  of  the  peeks 
in  the  teeperaturee  at  tha  locations  shown  is  physically  compatible  with 
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Gas  Enthalpy  Rise 
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Fig.  32 

Arc-Channel  Wall  Temperatures 
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the  behavior  of  tha  voltage  gradient  at  these  pointa.  If  tha  are  power 
generated  par  unit  length  la  increased,  the  radiation,  conduction,  and 
convection  losses  util  also  bv.  Increased.  Hanoa,  tha  power  loss  to  the 
walls  will  be  greater  and  the  t superstores  will  respond  accordingly. 

Arc  Radios  Meaeur— ante  and  Oo—arlaon  with  theory 

Fig.  33 ,  p.  66,  presents  the  observed  are  radii  and  the  theoretical 
predictions  of  arc  radios  as  a  function  of  power  per  unit  length  with 
electric  field  strength  as  a  parameter,  the  solid  carves  are  for  the 
data  of  Cana,  the  broken  lines,  the  data  of  A700. 

Six  radius  aeasoreasnts  ware  obtained  for  two  different  sets  of 
are  par  snorters.  An  unexpected  variation  occurred  in  arc  radlns  as  the 
arc  passed  the  window,  this  change  was  caused  by  the  decrease  in  cooling 
of  the  arc  In  the  vicinity  of  the  window  sinoe  no  gas  was  injected  at  this 
point.  Fig.  3U,  p.  67,  shows  the  variation  of  the  electric  field  In  the 
region  of  the  window  as  well  as  the  nathod  of  interpolation  vised  to 
calculate  the  potential  gradient  at  the  three  positions  of  radios 
eeasnrensnt.  The  gradient  was  assoaed  to  vary  linearly  in  this  region, 
but  the  exact  variation  is  unlmoim.  Also,  this  variation  in  potential 
gradlant  produces  such  a  —all  change  in  centerline  t—perature  that 
axial  hast  flow  is  still  negligible  in  comparison  to  that  In  the  radial 
direction.  This  occurs  because  of  the  relative  insensitivity  of  o— ter* 
line  teeperatore  to  arc  power  par  unit  length  (Fig.  5,  P*  15), 

In  general,  agree— nt  to  well  within  the  10#  experimental  Unit  of 
error  was  obtained,  and  in  nost  instances,  the  experimental  and  predicted 
values  of  aro  radius  agrssd  to  within  5#*  Tha  experimental  error  le  felt 
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Comparison  Between  Theoretical  and  Observed  Arc 
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to  lit  between  5  and  10 It,  bat  105  la  the  upper  Halt  and  la  a  result  of 
the  fringe  surrounding  the  oore.  Also,  no  systematic  error  Is  shown  by 
these  results  for  either  set  of  transport  data  for  argon* 

It  appears  at  this  tins  that  Cazm  has  included  the  volumetric  radia¬ 
tion  loss  in  the  values  of  thermal  conductivity,  This  would  account  for 
the  disagreement  between  Cam's  and  AVOO's  data  for  thermal  conductivity 
as  wall  as  the  relatively  close  agreement  in  the  two  sets  of  curves  for 
prediction  of  are  radii.  (See  Figs.  3  and  33,  pp.  12  and  66.) 

Accuracy  of  Basalts 

Are  voltage  could  be  read  to  ±  5  volts,  and  arc  current  to  4:1  aqp. 

These  were  the  largest  errors  associated  with  the  system  as  they  amounted 
to  about  2%  of  normal  operating  voltages  and  currents.  The  water  temper¬ 
atures  could  be  determined  to  ±0,5°F»  and  this  was  a  2 %  maxim  uncer¬ 
tainty.  The  water  flow  rates  were  accurate  to  ±0.5)1  of  the  flow  indicated. 
Argon  flow  was  monitored  to  a  maximum  error  of  ±15.  In  general,  individual 
runs  oould  be  reproduced  to  about  ±55. 

However,  there  were  a  great  number  of  adjustments  and  variations 
which  would  be  made  with  the  devloe.  For  any  one  individual  run,  6  water 
flows,  13  gas  flows,  and  arc  voltage  and  current  had  to  be  established, 
not  to  mention  the  numerous  temperatures  and  voltage  differences  which  had 
to  be  reed  and  recorded.  Obviously,  the  possibility  for  error  is  large. 
Care  was  taken  to  avoid  these  errors,  but  from  the  scatter  of  some  of  the 
data,  it  is  evident  that  more  than  one  or  two  ware  made. 
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VI*  Ooncluaiona 


1.  9m  dsvioe  «u  stable  and  easy  to  operate*  Inapt  for  the 
carton  injectors  which  ns y  hare  bean  eroded  in  early  start-op  attempts, 
no  rear  was  risible  on  either  of  the  eiaotrodaa  after  treaty  hoars  of 
operatien.  these  saas  eleetrodes  rare  also  uaed  by  Capt*  Taman  for 
approxlastely  ten  hours,  for  a  total  of  thirty  hours*  9m  absence  of 
an  anode  apot  is  probably  the  significant  factor  in  the  apparent 
longevity  of  the  anode  surface. 

2.  9m  cooling  offset  the  gas  has  on  the  are  is  appnudastely 
oonstant  at  oonstant  nass  flow,  and  is  the  primary  cease  of  the  early 
■Ini  nun  in  the  voltage -currant  oharaetarlstie.  This  oonduslon  ia  based 
on  the  behavior  of  the  voltage-current  curves  and  the  constant  total 
fractional  power  loaa  to  the  dories  for  all  nass  flees  and  arc  powers* 

(See  Tigs.  18  and  30,  pp.  bO  and  61,  and  pp.  39-1*2.) 

3*  Increasing  the  nass  flow  inereaaea  the  oooling  of  the  ard  and 
omasa  an  increase  in  total  voltage  and  voltage  gradient  at  oonstant 
currant*  However,  the  increased  oooling  is  offset  by  the  hi0Mr  power 
generation  in  the  are,  and  the  davioe  efficiency  renaina  constant  at 
$9%  for  argon*  9>ia,  too,  is  supported  by  the  data  in  Figs*  18  and  30* 

U*  9m  saw-tooth  behavior  of  the  oolusn  voltage  gradient  and  the 
wall  t  lap  ar  stores  as  functions  of  distance  fTon  the  cathode  nay  be  the 
remits  of  the  highly  ooaplsac  gas  flow  around  the  are,  and  the  interaction 
with  and  oooling  of  the  arc  by  this  gas  flow.  Further  work  ia  neoeasary 
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to  boor  this  oat,  as  another  possibility  la  a  distortion  of  the  electric 
field  by  variations  is  channel  disaster.  However,  the  overall  increase 
in  voltage  gradient  with  distance  fros  the  oathode  was  expected  as  a 
result  of  the  increased  cooling  of  the  are  as  it  proceeded  up  the  channel. 

5.  The  flow  of  the  gas  next  to  the  anode  is  turbulent.  This  is 
indicated  by  the  rtiape  of  the  plana  flans  at  the  anode,  and  by  the  value 
of  the  Reynolds  nuaber  for  the  range  of  aasa  flows  used  in  this  experiment. 
(See  Fig.  26,  p.  56.)  The  turbulent  flow  maintains  a  cool  layer  of  gas 
next  to  the  anode,  prevsnta  formation  of  an  anode  spot,  and  keeps  the 
power  loss  to  the  anode  at  about  20$. 

6.  More  data  is  required  to  determine  the  nechaniae  of  primary  heat 
losa  to  the  walls  of  the  ere  channel,  it  present,  it  is  felt  to  be 
radiation  fros  the  arc  core  aa  argon  does  have  a  significant  radiation 
loss  at  higher  centerline  teaperatoree  (above  13,000°K).  Ho  date  is 
available  to  estimate  the  wagnl tnrts  of  these  radiation  losses  for  the 
vall-stabillaed,  transpir ation-eoo led  arc  at  the  present  time. 

7.  Operation  over  a  wide  range  of  gee  flows  and  are  powers  is 
possible,  and  high  enthalpies  may  be  attained  at  high  device  efficiency. 
The  constant  efficiency  with  mass  flow  and  power  is  indicated  in  Fig.  30, 
p.  61.  This  characteristic  enables  one  to  produce  gas  of  any  desired 
enthalpy  from  about  600  to  1,1*00  Btu/lb,  within  the  operational  Unite 
of  the  device. 

8.  The  predictions  of  the  Hllenbaaa-Hallar  equation  are  in  excellent 
qualitative  agreement  with  the  experimental  observations.  An  increase  in 
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field  strength  at  oonstant  current  resulte  In.  en  increase  in  power  gener¬ 
ation  and  a  decrease  in  arc  radius,  This  is  also  supported  quantitatively 
by  the  arc  radlas  neaaure— i its  as  seen  in  Fig.  33,  p.  66. 

9*  Iba  assumptions  of  negligible  radial  nixing  and  axial  heat  flow 
within  the  arc  core  for  the  ELlenbaaa -Heller  equation  appear  valid  In 
that  agreenant  to  ±$%  was  obtained  between  exparlaantal  neasureaants  and 
theoretical  predictions  of  arc  radius  as  functions  of  arc  power  per  unit 
length  and  electric  field  strength. 
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m.  Become ndations 

l^dygMnt  Extensions 

1.  Install  nv  porous  injectors,  preferably  of  alumina,  siroonia, 
or  oaroor.  Ziroonia  injectors  had  boon  ordered  in  October,  1962,  but  ms 
of  this  writing,  they  had  not  beau  received.  Use  of  another  material 
besides  porous  graphite  would  permit  use  of  nitrogen  or  other  gases. 

Since  the  radiation  losses  from  nitrogen  are  wall  in  comparison  to  those 
from  argon,  it  sight  be  possible  to  obtain  a  reduction  in  the  power  losses 
to  the  walls  and  increase  the  device  efficiency  past  $0%* 

2.  Also,  install  new  boron  nitride  Users  between  the  segments  in 

place  of  any  liners  which  nay  now  be  damaged.  A  smooth-bore  may 

eliminate  some  of  the  fluctuations  which  were  observed  in  the  voltage 
gradient.  This  would  then  show  that  the  saw-tooth  behavior  of  the 
gradient  was  only  a  oo incidence  of  no  reel  physical  significance. 

3.  Install  a  thermocouple  in  each  porous  injector  in  order  to  obtain 
a  clearer  picture  of  the  channel-well  temperature  behavior.  It  might  be 
possible  to  correlate  the  losses  to  the  walls  to  the  power  generation  in 
the  ere  core  by  use  of  (U),  below. 

U.  Use  the  existing  calorimeter  disks  to  measure  the  radiation  from 
the  are  oore.  Increasing  the  mass  injection  immediately  upstream  of  the 
calorimeter  dxould  produce  a  decreasing  loss  to  the  calorimeter  disk 
until  a  certain  minimus  or  oonstaat  loss  is  obtained.  The  mechanism  by 
tfdah  this  hast  gets  through  the  boundary  layer  to  the  calorimeter  disk 
must  be  radiation. 
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$,  pressure  tips  between  thi  sections  of  the  ooltam,  The 

longitudinal  pressure  profile,  combined  with  s  theoretlosl  analysis  of 
the  gss  flow  In  the  ehmnel,  eould  indloate  the  nature  of  the  flow  of  gas 
arrnmd  the  are,  i.e.,  lsnlnsr  or  turbulent,  sonio  or  sub  socle.  Ibis 
■ay  also  explain  the  phanomsnon  of  the  saw-tooth  voltage  gradient  as  wall 
as  the  constant  efficiency  of  the  dsvios. 

6.  Use  a  calorimeter  at  the  anode  to  neasurs  the  bulk  enthalpy  of 
the  plana  jet.  This  weald  serve  as  a  cheek  on  the  accuracy  of  the 
■easuments  of  power  losses  to  the  systn  which  are  presently  used  to 
eoepute  the  bulk  enthalpy. 

7.  Reduce  to  as  near  sere  as  possible  the  nss  flow  to  the  first 
injector  In  order  to  see  If  the  first  peak  In  voltage  gradient  is  related 
to  the  cooling  of  the  are.  If  it  is,  this  procedure  should  rtdft  It 
away  from  the  cathode.  A  atari  lar  prooednre  oould  be  used  at  the  eighth 
or  ninth  Injectors  where  the  second  peak  occurs. 

8.  Vary  the  Base  injection  rets  to  each  ooeponant  In  a  regular 
■anaer,  eg.,  as  the  first  power  of  the  distance  from  the  cathode,  etc. 

The  resultant  variations  In  the  arc  voltage  and  voltage  gradient  nay 
indicate  the  nature  of  the  relationship  bstwssn  tha  gas  flow  around  the 
arc  and  the  characteristics  of  the  arc.  Similarly,  varying  the  -ratio  of 
transpiration  flow  to  axial  flow  from  the  cathode  ohaafcar  nay  also  eiplaln 
some  of  the  phenomena  which  have  been  observed.  Other  variations  in  the 
anas  flow  sight  includs  a  determination  of  the  minimum  mess  injection 
rate  ad  transpiration-longitudinal  flow  ratio  at  a  given  arc  power  for 
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ifcieh  the  efficiency  of  the  device  me  ■till  constant  {$0%  for  ergon). 

This  would  yield  ges  of  —id—  enthalpy  for  that  power  an d  mass  flow, 
as  well  as  the  optimal  performance  for  this  devioe. 

9,  Attempt  to  reduce  the  Halt  of  error  on  arc  radius  measurements* 
This  would  require  modification  of  the  present  window  holder  to  permit 
water  oooling.  The  interior  surface  of  the  holder  could  then  be  laqp- 
b lacked  to  reduce  the  reflection  from  that  surface,  and  thus  sharpen  the 
image  of  the  arc.  Also,  a  new  quarty  window  should  be  installed  as  the 
present  one  is  scratched  sufficiently  to  interfere  somewhat  with  the  image 
of  the  arc.  Improvement  in  the  technique  of  measuring  are  radius  as  well 
as  in  the  accuracy  of  results  will  check  further  the  validity  of  the 
assumptions  used  in  the  EHenbaas -Heller  equation  as  they  apply  to  the 
wall-etabilised,  transpiration-cooled  arc. 

Theoretical  Brtamalons 

1.  Include  an  integration  of  the  volumetric  radiation  power  loss 
in  the  K1 1  anhaas-Hellar  program  to  obtain  a  theoretical  prediction  of 
radiated  power  per  unit  length  using  the  data  from  AVOO.  This  could 
readily  be  checked  against  the  observed  losses,  as  in  (li)  of  the  previous 
section,  p.  72. 

2.  Attest  to  set  up  a  simple  model  of  the  gas  flow  around  the  arc. 

Certain  assumptions  concerning  velocity  and  tenperature  profiles  will  be 
necessary.  These  might  include  the  aasiuption  that  the  longitud¬ 

inal  gas  velocity  occurs  in  the  arc  core,  and  that  this  velocity  is 
constant  across  the  diameter  of  the  core.  Also,  a  first  approximation  to 
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the  tfintiin  variation  trm  tha  arc  oora  to  tha  channel  wall  night  ba 
aade  by  assuring  a  polynoaial  variation  of  tha  aeoond  or  third  order, 

Tha  taaparatora  within  tha  aro  oora  as  wall  as  tha  gradient  of  tha  taqper- 
atare  at  tha  are  aurfaoa  nay  ba  obtained  from  the  KUenbeaa -Hollar  program 
A  further  assugrtion  idiloh  nay  ba  naoasaary  ia  that  tha  are  oora  ia  an 
axtranely  hot  rod  with  no  radial  velocity  aoviag  up  through  tha  are 
channel.  In  any  event,  extensive  use  of  a  digital  ooaputer  will  probably 
ba  necessary.  Results  of  this  analytic  effort  should  ba  directed  towards 
explaining  the  cooling  of  the  are  by  the  gas,  as  well  as  predieting,  if 
possible,  gas  enthalpies,  and  oonduetlve  and  oonveetive  heat  losses  to 
tha  walls  of  tha  device  as  functions  of  ness  flow  and  arc  power.  These 
could  than  be  eoqpared  with  experlnantal  values. 
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Table  I 


Seattle  of  Haw  Data 


" — ^Run  So. 

I  ten ''' — JDate 

Argon  How  (caHg)* 

Water  Flows  (gpa) 

Cathode 

Seoondary  Anode 
Sections  1-1* 

Sections  5-8 
Sections  9-12 
Anode 

Hater  Teaperatures  (°F) 
Cathode,  oat 
Secondary  Anode,  out 
Sections  1-1*,  out 
Sections  $-8,  out 
Sections  9-12,  out 
Anode,  out 
Anode,  In 

Argon  Te^eratnre,  In  (°F) 
Wall  Teaperatures,  °C 
Section  1 
Section  5 
Section  9 
Section  12 

Arc  Current  (DC  a^ps) 

Arc  Voltage  (DC  waits) 
Potential  Differences 
Cathode-Secondary  Anode 
Secondary  Anode-Sec.  1 
Section  1*2 
Section  2-3 
Section  3-1* 

Section  U-5 
Section  5-6 
Section  6-7 
Section  7-8 
Section  8-9 
Section  9-10 
Section  10-11 
Section  11-12 
Section  12-Anode 


1 

2 

28  Her 

28  Her 

0.8 

1.2 

1.31 

1.31 

1.31 

1.31 

0.26 

0.26 

0.26 

0.26 

0.26 

0.26 

l.iiO 

1.10 

52.7 

53.0 

53.0 

55.0 

67.0 

65.5 

75.0 

7U.0 

8U.2 

8l*.2 

61.7 

61.0 

52.3 

52.5 

78.0 

80.8 

170.0 

150.0 

135.0 

125.0 

330.0 

290.0 

320.0 

300.0 

1*5.0 

1*1.0 

229.0 

259.0 

5.8 

5.2 

17.0 

19.5 

liu7 

15.5 

13.0 

13.8 

16.0 

17.5 

15.0 

16.9 

15.3 

18.2 

15.0 

17.5 

15.2 

18.5 

17.2 

20.2 

15.7 

18.6 

17.0 

19.7 

19.0 

21.3 

26.9 

29.1 

3 

1 

28  Mar 

29  Her 

1.2 

leO 

1.31 

1.18 

1.31 

1.13 

0.26 

0.2b 

0.26 

0.21* 

0.26 

0.21* 

1.1*0 

1.35 

53.0 

5U.5 

55.5 

56.2 

69.0 

61u0 

78.0 

72.5 

89.0 

81*.0 

62.0 

62.0 

52.5 

53.0 

82.2 

75.5 

180.0 

120.0 

no.o 

110.0 

330.0 

265.0 

310.0 

285.0 

149.0 

39.0 

260.0 

255.0 

5.9 

l*.o 

19.0 

18.9 

15.9 

lb.8 

Ut.2 

18.0 

17.9 

16.9 

17.1 

16.2 

18.0 

17.7 

17.5 

17.1 

18.1 

18.3 

19.8 

20.2 

18.3 

19.0 

19.6 

19.1 

21.lt 

a.6 

29.1 

29.3 

*  See  Table  H,  p.  82. 
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Table  II 


Argon  Mass  Flow  Rates  to  Component# 


Pressure  Drop  Across 


N 

sJIowm 

star  (at  Hs) 

0.80 

1.00 

1.20 

LOMM 

NAn  flow  la 

lb/hr 

iter  Component 

1 

Cathode 

Chaaber 

1.70 

2.00 

2.2b 

2 

Section  1 

1.70 

2.00 

2.25 

3 

Section  2 

1.70 

2.00 

2.30 

b 

Section  3 

1.70 

2.00 

2.20 

5 

Section  U 

1.75 

1.85 

2.10 

6 

Section  5 

1.85 

1.95 

2.20 

7 

Section  6 

1.65 

2.00 

2.25 

8 

Section  7 

1.70 

2.00 

2.28 

9 

Section  8 

1.63 

1.90 

2.22 

10 

Section  9 

1.67 

1.97 

2.2b 

n 

Section  10 

1.75 

2.05 

2.35 

12 

Section  11 

1.63 

2.00 

2.26 

13 

Section  12 

1.70 

2.00 

2.30 

Total  Mass 

Flow 

22.13 

25.72 

29.20 
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Table  HI 


On t«r-to -Center  Separations 
Derice  Components 


Components 

Separation  of  Centers 
(«) 

Cathode-Seoondary  inode 

0.25 

Secondary  inode — Segment  1 

2.51 

Segment  1  -  Segment  2 

1.79 

Segment  2  -  Segsent  3 

1.1*3 

Segsent  3  -  Segsent  1* 

1.1*7 

Segment  1*  -  Segsent  5 

1.1*6 

Segment  5  -  Segsent  6 

1.1*5 

Segsent  6  -  Segsent  7 

1.1*6 

Segsent  7  -  Segment  8 

1.1*5 

Segment  8  -  Segsent  9 

1.1*1 

Segment  9  -  Segment  10 

1.1*1* 

Segsent  10  -  Segsent  11 

1.1(1* 

Segment  11  -  Segment  12 

1.1*6 

SegMnt  12  -  inode  (bottom) 

1.1*8 
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Appendix  A 

Munerical  Worm  of  Solution  for  the  Kllenhaas-Heller  Equation 
Iq  (7))  p.  9,  is  u  follows: 

-±k(r*&)  +  U  It  )  »  cr  E*  (7) 

If  we  let  S-<r  E*-U(T)  ,  we  here t 

-ibtr*rn  -  s  <„ 

Or,  upon  Integration  fro*  ^  to  i;  i 

r^k-CSMrir  m 

Assuming  S  is  locally  linear  in  r  : 

S  *  A  +  Br  (10) 

and  5„  *  Sn.,  +  &S  (ii) 

AS'  S„.,  -  5n-a  (12) 

Eq  (9)  beocaws,  upon  integration  of  the  right-band  side: 

*  ^L-(r*¥,)i;;.,  olm 

av-AJJI  -  y  [3  A  frn  +  r«.,) 

+ A  B(  rS  +  re  r,.,  •»-  r£, (u*) 

81* 


GMS/Phyi/63-2 

This  last  equation  redmoes  tot 

r  A  -fJl  rn  =  r  &  Slr..7  X  [  S*  *  +  *»'« 

+  (  5*  +•  5n-, )(  r*  r»_,  )]  (15) 

Substituting  for  terms  containing  5n  with  terms  in  5n.,  and  5n  ,u 
(15)  reduoes  to i 

^  *  JT?L  “  xt 5n-  (  5  r"“  +  4  r"*'  * 

-S*-i(afc  +  r*., )]  (16) 

lq  (16)  gives  the  value  of  rit^J  at  a  point,  rn  ,  based  on  a  linear 
forward  extrapolation  to  of  the  function  S  ,  from  and  ir„.a  . 

Assuming  A  ,  the  thermal  conductivity,  behaves  similarly  to  5*  , 
the  temperature  gradient,  £1  ,  at  rn  becomes  i 

fiU  -  /[rnU  1  n-1  -Ju-a)]  (17) 

Similarly,  the  teqoerature,  T  ,  at  Y~n  1st 

Tn  sXH+i(S  |rn+  £  lr„_,  )  *  r  (18) 

Bqs  (16),  (17),  and  (18)  are  the  heart  of  the  Fortran  program  which 
was  used  to  confute  the  arc  radius  as  a  function  of  oenterllne  temperature 
and  electric  field  strength.  These  three  equations  are  located  in 
section  Z  of  the  Fortran  program  as  indicated  on  p.  93,  following. 

The  increment  of  Y~  ,  AT  t  was  varied  at  first  in  order  to  determine 
the  step  sise  required  for  optimal  accuracy  and  minimum  computing  time. 

A  value  of  0.005  cm  for  Ar  was  found  to  be  satisfactory.  However,  for 
centerline  te^eratures  and  electric  field  strengths  above  12,000°E, 
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and  16  volta/aa,  respectively,  an  increment  of  0*0025  on  na  used* 

After  each  value  of  T  was  computed,  new  values  of  o~ ,  Jk  ,  and 
U  would  be  interpolated  parebolically,  and  the  power  generation,  o-  E* 
added  to  the  appropriate  tem  of  the  Slap  eon*  a  Rule  integration  used  to 
compute  the  power  per  unit  length* 

Operating  Instructions  for  Fortran  Counter  Program 

1*  A  request  for  the  nnahera  of  values  in  each  of  the  tables  of 
electrical  and  them&l  conductivities,  and  volumetric  radiation  loss'  as 
functions  of  temperature  will  be  printed  on  the  console  typewriter,  filter 
the  ranters  in  fixed  point  format  at  the  typewriter* 

2*  Bead  in  the  tables  of  electrical  conductivity  (oha-^  cm**-*-), 
thermal  conductivity  (watt/a-deg  K),  and  radiation  loss  (watt/ cm^ )  as 
functions  of  temperature  (deg  I),  one  value  and  one  teag>erature  per  card. 

3*  A  request  for  a  starting  radius  (cm),  an  lncramerit  (cm)  in 
radius,  the  aqoare  of  the  electric  field  strength  (voltfyo*2),  centerline 
te^>erature  (deg  K),  end  temperature  gradient  (deg  l/cm)  will  be  made  on 
the  typewriter,  the  first  and  last  items  are  generally  0  at  the  center¬ 
line  of  a  cylindrical]^-  symmetric  arc. 

U.  If  a  complete  arc  profile  is  desired,  turn  Switch  2  OFF.  If  the 
are  radios  is  what  is  primarily  desired,  turn  Switch  2  ON.  In  either 
event,  the  output  will  be,  from  left  to  right,  radius,  temperature, 
temperature  gradient,  electrical  conductivity,  and'  thermal  conductivity. 
However,  if  Switch  2  is  OFF,  print-out  will  occur  for  each  radius, 
starting  at  the  centerline  temperature  (radius  *0),  and  continuing  until 
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the  temperature  is  lets  than  6,000°X.  If  Switch  2  la  OS,  printout  will 
occur  only  after  the  temperature  la  below  8,500°I,  again  oontlxmlng  until 
the  temperature  la  less  than  6,000°K. 

5.  After  the  temperature  falls  below  6,000°K,  and  the  power  per 
unit  length  is  printed,  the  operator  My  either  enter  a  new  set  of  starting 
▼slues  for  another  solution  (Switch  1  OFF),  or  the  operator  wqr  enter  new 
tables  of  conductivities  and  radiation  loss  and  start  the  program  over 
for  a  new  medium  (Switch  1  OM). 

Dictionary  of  Variables 

H  i  Muwber  of  values  in  table  of  electrical  conductivity, 

M  t  Suaber  of  values  in  table  of  thermal  conductivity. 

L  t  Suaber  of  values  in  table  of  volumetric  radiation  power  loss. 

TSIQ(I)  t  Reference  temperature  for  value  of  electrical  conduc¬ 
tivity  in  table)  deg  K. 

SIG(I)  <  A  value  of  electrical  conductivity,  cr-,  in  the  table, 
corresponding  to  TSXG(I);  aho/cm. 

Similar  remarks  apply  to  TOON(I),  OON(I)  (thermal  conductivity.  A, 
w/m-deg  I),  and  TRAD(I),  RAD(I)  (volumetric  radiation  power  lose,  U. , 

w/o*3). 

R  i  Radius  (cm)  at  any  point  in  the  are  core;  ^  . 

DR  t  Increment  or  atep  in  R. 

ESQ  i  The  square  of  the  eleotrio  field  strength  (volt^/on^)* 

T  t  Temperature  (deg  E). 

TFR  t  Teaperature  gradient  (deg  I/cm). 

POWER  i  Power  per  unit  length  (watte/cm). 
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CHSTl  t  Duny  for  Simpson's  Rule  Integration  for  power  per  unit 
length)  U(ER)/3)  see  17  of  program,  p,  92. 

CNST2  j  2(ER)/3j  see  17  of  program,  p.  92, 

n  «  Control  Index  for  Slapson's  Rule  Integration)  n*l,  2,  or 
3  for  first,  even,  or  odd  tents,  respectively, 

U,  nan,  DELID  j  Donor  variables  used  only  In  Interpolation  of 
SIGMA,  COND,  and  PRAD. 

SIGMA  t  Interpolated  value  of  electrical  conductivity)  applied 
at  rn  . 

CORD  t  Interpolated  value  of  thermal  conductivity,  corrected  to 
w/aa-deg  I;  applied  at  ^  . 

PRAD  t  Interpolated  value  of  volumetric  radiation  loss)  applied 
at  tr*  . 

51  t  Conduction  loss  at  tn.i  j  equals  power  generated  -  radiation 

loss. 

HI  i  >n-i  -  R  -  DR  unless  R  =  0)  then  Rl*  ^-i=R. 

52  t  Conduction  loss  at  r^.a. . 

C0MD1  t  Thermal  conductivity  at 
TPR1  s  Twperature  gradient  at  Trv.x* 

RDPR  i  at  vn  and  r*.,  . 
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Motet  Roman  Anwrals  corraapond  to  thoae  on  Fortran  Computer  Program, 
PP.  92-93*  following. 
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VIII 


IX 
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Wwrtfa  OMBotf  ProgTMi 

DIMENSI 0N  TSIG(1OO),SIG(1OO),TC0N(1OO), C0N (100), TRAD (100), RAD (100) 

10  PRINT  100 
ACCEPT, N 
PRINT  101 
ACCEPT, M 
PRINT  107 
ACCEPT, L 
PRINT  102 
PRINT  109 
00  1  1-1, N 

1  READ,TSIG( I ) , S I G ( I ) 

D0  2  1-1, M 

2  READ, TC0N( I ) ,  C0N(  I  ) 

D0  13  I-1.IL 

13  READ , TRAD { I ) , RAD ( I ) 

11  PRINT  103 
ACCEPT, R, DR, ESQ, T,TPR 
PRINT  200 
P0WER-O. 

CNST1«DR*4./3< 

CNST2-DR*2./3. 

11-1 

3  D0  4  1-1, N 
I F ( T— TS I G ( I ))41 ,42,4 

4  C0NTINUE 
42  S  f GMA-S I G ( I ) 

G0  T0  50 

41  U-(T-TS IG( 1  —  1 ))/(TSIG( I )  —  TSIG( 1  —  1 )) 

DELY1 -S I G( 1-1 )-S I G( 1-2) 

DELYO-S IG( I )— S I G ( 1-1 ) 

S I GMA-S I G ( 1  —  1  )+(U*(DELY1 +DELY0)+(U**2)*{DELY0-DELY1 ) )/2. 

50  D0  5  1-1, M  I 

I F(T-TC0N( I ) ) 51 , 52, 5  y 

5  C0NTINUE 
52  C0ND-C0N( I ) 

G0  T0  59 

51  U-(T-TC0N(I-1))/(TC0N(I )-TC0N( I -1  ) ) 

DELY1-C0N( 1-1 )— C0N ( 1-2) 

DELYO«C0N( I )— C0N ( 1-1 ) 

C0ND-C0N( I -1 )+(U*(DELY1+DELY0)+(U**2)*(DELY0-DELY1 ))/2. 

59  C0ND-C0ND*.O1 
D0  60  l-l.L 
I F (T-TRADC I ))61 ,62,60 

60  C0NTINUE 
62  PRAD-RAD(I) 

G0  T0  29 

61  U-( T-TRAD ( 1-1 ) )/( TRAD ( I )-TRAD ( I  - 1 )  ) 

DELY1-RADC 1-1 )-RAD( 1-2) 

DELYO-RAD( I )-RAO( 1-1 )  ' 

PRAD-RAD( l-1)+(U*(DELY1 +DELY0)+(U**2)*(DELY0-DELY1 ) )/2 . 
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31 

32 
9 

20 


21 


22 

16 


8 


6 


7 


100 

101 

102 

103 

104 

105 

107 

108 
109 
200 


IF(T-8500.)31,31,30 
I FCSENSE  SWITCH  2)31,32 
PR  NT  1O4,R,T,TPR,SIGMA,C0ND 
IF(T-6000.)7,7,9 
GO  10(20,21,22), 1 1 
P0WER-P0WER+S I GMA*R*DR/3 . 
11-2 

G0  TO  16 

P0WER-P0WER+S I GMA*R*CNST1 
11-3 

GO  T0  16 

P0WER  -P0WER+S I GMA*R*CNST2 
11-2 

5 1 - S I GMA*ESQ-PRAD 
R1-R 

R-R+DR 
I F(R1 )8,8,6 

52- S1 

C0ND1-C0ND 

RKTPR-0. 

TPR1  «K). 


RKTPR-RKTPR-(DR/6.)*(S1*(5.*R+4.*R1)-S2*(2.*R+R1))  f 
TPR-RKTPR/ (R*(2.*C0ND-C0ND1 ) )  1 

T«T+(TPR+TPR1)*DR/2.  V 

S2-S1 

C0ND1-C0ND 

TPR1-TPR 

G0  T0  3  - 

P0WER-(P0WER+S I GHA*R*DR/3 , )*6. 2832*ESQ 
PRINT  1O8.P0WER  H 

PRINT  105  I 

PAUSE  I 

I F(SENSE  SWITCH  1)10  11  | 

F0RMAT ( / /44H ENTER  NUMBER  0F  VALUES  0F  TSIG(I)  AND  SIG(I)) 
F0RMAT(//44H ENTER  NUMBER  0F  VALUES  0F  TC0N(l)  AND  C0N ( I ) ) 

F0RMAT ( / /55HREAD  IN  TABLES  0F  TSIG(I),  SIG(l),  TC0N(l),  C0N(l),  AND) 
F0RMAT(//35HENTER  R,  DR,  E**2,  T(0),  AND  TPR(O)) 

F0RMATC/5E16.7) 

F0RMAT(//55HT0  START  0VER,  TURN  SW  1  0N.  T0  CONTINUE,  TURN  SW  J  0FF) 
FORMAT ( //44H ENT ER  NUMBER  0F  VALUES  0F  TRAD ( I )  AND  RAD ( I ) ) 

FORMAT (//14HP0WER/LENGTH  «E16.7,9H  WATTS/CM) 

FORMAT ( 1 6H  TRAD(I),  RAD ( I ) ) 

FORMAT ( / ) 

END 
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Appendix  B 

Instrumentation  end  Support  Equipment 
Electrioel  Equipment 

The  electrical  schematic  of  the  arc  is  shown  in  Fig.  35*  p.  95. 
Electrical  power  was  supplied  by  two  A.  0.  Smith  rectifiers*  model 
A2500-10SP.  Each  unit  had  a  maximum  continuous  output  of  250  sops  at 
500  volts,  DC*  or  125  kw.  Both  rectifiers  were  used  for  starting*  but 
only  one  was  needed  for  operation.  Slnoe  the  are  device  did  not  offer 
enough  of  a  load  to  the  rectifier*  a  series  load  resistor  was  used.  'While 
smaller  power  supplies  would  have  been  desirable*  the  above  unite  were 
the  only  ones  available. 

The  load  resistor  consisted  of  a  0.50-in. -diameter  stainless  steel 
tube*  lOO-ft  long*  which  provided  a  1-ohm  load*  and  two  water  resistors* 
each  of  which  provided  an  8 -ohm  load.  The  water  resistors  were  stainless 
steel  drums  filled  with  water*  open  on  one  end*  17-in.  in  diameter*  each 
with  an  inner  cylinder  of  stainless  steel*  12-in.  in  diameter.  The  inner 
cylinders  were  supported  by  3-in.  phenolic  blocks  and  were  separated 
radially  from  the  outer  cylinders  by  fiberglass  cylinders*  15. 3-in.  in 
diameter.  Each  coaponent  was  28-in.  high. 

The  power  level  of  the  arc  could  be  increased  by  raising  the  output 
of  the  rectifier*  or  by  raising  one  of  the  fiberglass  separators  in  the 
water  resistors.  The  entire  load  bank  was  capable  of  absorbing  up  to 
30  kw  for  as  long  as  one  hour.  Oooling  was  provided  by  circulating  water 
through  the  stainless  steel  tubs  load  bank*  and  by  copper  cooling  coils 
suspended  in  the  center  of  the  two  water  resistors.  The  available  power 


At  Primary  anode 
Ct  Cathode 
A2i  Secondary  anode 
TCt  Transpiration  column;  segmented 
AM:  Aaw ter  for  arc  current 
VKLi  Voltmeter  for  arc  voltage 
PI  i  Operating  power  supply,  variable 
Rli  Variable  load  resistor 
R2t  Fixed  load  resistor 

VM2t  Voltmeter  for  disk  potential  differences 
P2s  Starting  power  supply 

RPt  Radio-frequency-spark  generator  and  battery 
SI,  S2t  Switches;  closed  only  for  starting 


Fig.  3$ 

Electrical  Schematic  of  Arc  Device 
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ring*  was  frost  about  8  kw  to  beyond  the  25  kv  limit  of  the  are  derioe. 

A  radio-frequency  generator,  manufacturer  unknown,  was  used  to 
provide  the  starting  spark.  Power  for  this  unit  was  supplied  by  a  twenty- 
four  volt  aircraft  battery  of  the  lead-acid  type. 

The  arc  voltage  and  current  were  measured  by  Assembly  Products  Model 
b  voltmeter  and  ammeter.  The  voltmeter  had  a  double  scale  setting  of  0 
to  1,000  volts,  DC,  in  20  volt  increments,  and  0  to  500  volts,  DC,  in 
10  volt  increments.  The  range  waA  controlled  by  a  toggle  switch.  The 
ammeter  had  a  full  scale  deflection  of  100  amps,  DC,  in  1  amp  increments. 

The  voltage  differences  between  the  wall  segments  were  measured  by 
an  RCA  Senior  Volt-Ofamgrst  vacuum-tube  voltmeter,  model  WV97A,  with  an 
input  impedance  of  one  million  ohms.  This  instrument  was  also  used  for 
measuring  the  operating  ripple  voltage  of  the  rectifier. 

This  ripple  voltage  was  determined  by  short-circuiting  the  arc  and 
measuring  the  AC  ripple  in  the  voltage  drop  across  the  load  resistance. 

At  a  rectifier  output  of  58  sups  at  610  volts,  DC,  the  ripple  voltage  was 
observed  to  be  19. b  volts,  AC,  RMS.  This  is  about  3$  of  the  DC  voltage 
and  is  as  specified  by  the  manufacturer. 

Thermocouples  and  Read-Outs.  The  temperature  monitoring  system  is 
sketched  in  Fig.  36,  p.  97*  Two  sets  of  temperature  measurements  were 
of  importance  in  this  experiment.  The  first  set  included  the  teoperature 
changes  in  the  cooling  water  to  the  different  components  and  the  argon 
temperature  as  it  entered  the  injectors;  and  the  second,  the  wall  temper¬ 
atures  ,  The  former  were  monitored  by  eight  Harco  laboratories,  Inc., 
Thrift-therm  iron-constantan  thermocouples  which  were  read  out  on  a 
Brown-Hone ywe 11  Pyrometer,  model  H56l63Pb8-X-(L).  This  instrument  had 
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a  range  of  -100  to  700°F  in  2°F  increments  for  iron-cons tan tan  thermo¬ 
couples.  The  high  conductivity  of  the  cooling  water  necessitated  the  uae 
of  Alphex  shrinkable  tubing  to  insulate  the  thermocouples  from  the  are 
voltages.  Use  of  this  material  increased  the  response  time  of  the 
thermocouples  by  a  slight,  but  insignificant,  amount. 

The  eight  temperatures  which  were  measured  were  the  outlet  water 
temperatures  from  the  cathode,  secondary  anode,  each  of  the  three  sets  of 
U  disks,  and  the  primary  anode;  the  inlet  water  togperature  at  the  primary 
anode;  and  the  inlet  gas  temperature  to  the  second  gas  injector  from  the 
cathode. 

The  wall  tesperatures  were  monitored  in  the  first,  fifth,  ninth,  and 
twelfth  disks  from  the  cathode.  The  thermocouples  used  here  were  Leeds 
and  Northrup  Super  Temp,  model  600-J-A,  and  had  a  length  of  18-in.  and  a 
diameter  of  0.025-in.  Since  it  was  not  feasible  to  insulate  these  thermo¬ 
couples  from  the  system,  independent  read-outs  were  used.  These  were 
four  model  U21-866  Simply- trols,  manufactured  by  Assembly  Products,  Inc., 
of  Che star land,  Ohio,  with  a  range  of  0  to  1,500°F  in  increments  of  20°F. 

Hater  Control  and  Monitoring.  A  sketch  of  the  water  flow  system  for 
the  ere  device  is  presented  in  Fig.  37,  p.  99.  Water  flow  rates  were 
measured  by  six  Fischer  and  Porter  Flowrators,  tube  number  B5-21-10/27, 
rated  at  1.96  gpm  at  100£  flow.  However,  a  calibration  deck  showed  the 
maximum  flow  rate  to  be  1.87  gpm.  The  flows  were  controlled  individually 
by  lankenheimer  bronse  globe  valves,  model  U08.  The  calibration  curve 
for  the  Flowrators  is  presented  in  Fig.  38,  p.  100. 

Argon  Qaa  Flow  Control  and  Monitoring.  Fig.  39,  P.  Id,  is  a  diagram 
of  the  argon  gas  flow  control  system.  The  high-pressure  manifold  permitted 
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VJater  Flow  Rate  (gpm) 
Fig.  38 

Water  Flowmeter  Calibration 
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Ei  Anode  exhaust  jet 
®:  Needle  valves 
mar*  Coiled-capillary  flowmeters 
Cl:  Cathode  chamber  gas  feed 

M:  Hg  manometer  for  determining  flow  rate  through  flowmeters 
Ti  Secondary  gas  shut-off 
Rt  Pressure  regulator 
HP  t  High-pressure  Manifold 
£P  i  Low-pressure  manifold 
Wi  Low-pressure  manifold  gauge 
T:  High-pressure  argon  cylinder 
PTi  Down-stream  pressure  taps  on  flowmeters 
(pi  Valves  for  selection  of  flowmeter  to  be  read. 


Fig.  39 

Qas  Flow  Measurement 
and  Control  Schematic 
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on  of  four  tanks  of  uster-puaped  argon  to  obtain  longer  running  tines 
before  depletion  of  the  gas  supply  occured.  The  gas  flow  to  the  low 
pressure  manifold  was  regulated  by  a  Hoke-Phoenix  Regulator,  no  del  901. 

1  stainless  steel  tank,  l*-ft.  long,  and  10-in.  in  diameter,  was 
used  as  the  low-pressure  manifold.  From  each  of  the  16  hose  fittings 
attached  to  the  tank,  the  argon  passed  to  the  coiled  capillary  flowmeters. 

A  Doragaaxge  Bronas  Tube  pressure  gauge,  model  AMP  6319,  was  used  to 
monitor  the  pressure  in  this  manifold.  Adjustment  of  the  regulator  at 
the  high-pressure  manifold  kept  the  pressure  in  this  tank  constant  at 
30  paig  for  all  flow  rates. 

The  coiled  o^sillary  flo westers  were  constructed  from  0.25-in. 
diameter  soft-drawn  oopper  tubing,  wrapped  in  13-ft.  lengths  around  a 
piece  of  1.625-in.  pipe,  fig.  ljO,  p.  103,  shows  a  typical  floiewter 
with  the  upstream  pressure  tap  on  the  left  of  the  photograph.  Pressure 
taps  were  located  on  the  coils  30  turns,  or  12 -ft.,  apart.  The  calibration 
curves  of  each  of  the  16  ooils  agreed  with  each  other  to  ±51.  A  typical 
curve  is  shown  in  Fig.  1*1,  p.  10l*,  end  presents  corrected  pressure  drop 
In  cm  Rg  vs  argon  mass  flow  in  lb/W.  The  coils  were  immersed  in  a 
oonstant  tmqperature  bath.  The  control  unit  for  the  bath  was  an  Arthur 
M.  Thomas  Company,  Model  9931*  Constant  Temperature  Beth  with  Electric 
Circulating  Pump.  The  bath  temperature  was  held  at  25.5°C,  ±  0.2°C.  The 
details  of  the  design  end  calibration  of  these  flowmeters  are  given  in 
Appendix  C,  p.  106. 

The  flow  to  each  wall  segment  and  the  cathode  chamber  was  controlled 
by  a  Hoke  needle  valve,  model  1*RB281.  The  pressure  drop  across  these 
valves  reduoed  the  argon  pressure  at  the  arc  device  to  about  30  am  Hg 
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abort  one  ateoaphere.  This  was  detaminad  froa  oold  flow  aaaaiir— nt  of 
atatio  mil  presauraa  in  the  are  channel. 

Mlwcallaneoua.  Other  equipment  uaed  in  thia  experiment  Included  that 
nae eatery  for  the  neaaurmant  of  the  are  radlua.  Cm  cetera  and  atopa 
mre  fabricated  at  ARL.  The  optical  bench  ma  by  Cenoo,  with  a  calibrated 
length  of  110  ca.  the  denaitoaatar  ma  manufactured  by  national 
Scientific  laboratories,  bat  ao  aodal  or  aerial  number  ma  knom  as  this 
itaa  ms  obtained  from  suxplas  stock. 

Ihe  read-out  equipment  for  the  dansitoaeter  included  a  Multiflex 
Galvanometer  and  a  Hsoohlaafechrleber  2.  The  latter  is  the  chart  reoordtr 
shiah  draw  the  trace  of  the  density  of  the  negative  being  scanned  by  the 
densitometer.  Both  these  items  were  credited  to  Er.  B.  Lange  of  Veet 
Berlin,  Germany. 

Ihe  window  need  for  vieslng  the  are  ms  an  annular  piece  of  braes, 
1.25-in.  in  inside  disaster,  2.0-in.  in  outside  diameter,  and  0.50-ln. 
thick.  A  rectangular  hole  machined  in  one  aide  reoeived  tbs  quarts 
window,  which  ms  1.50  am  by  0.53  an.  A  sketch  of  the  window  asembily 
in  the  arc  device  is  presented  in  Fig.  lit,  p.  30. 
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Appendix  C 

Design  of  the  Colled  Capillary  Flowmeters 

The  requirement  that  the  mass  flow  to  each  of  the  thirteen  gas 
Injection  components  of  the  transpiration-cooled  arc  be  monitored  and 
controlled  posed  a  significant  problem  in  the  early  stages  of  the 
experimental  study.  The  range  of  mass  flows  which  was  desired  was  from 
about  1.0  lb/hr  to  10.0  lb/hr  of  argon  at  any  convenient  pressure  at  or 
above  1  atm.  While  comercial  flowmeters  were  available  for  this  flow 
range,  their  expense  and  complex  support  equipment  made  it  advisable  to 
seek  another  means  of  measuring  these  mass  flows. 

The  capabilities  of  the  capillary  flowmeter  In  a  linear  configuration 
were  considered  in  detail  by  Capt.  Mack  E.  Baker  of  the  Graduate  Aero¬ 
nautical  Engineering  Class  of  1957  at  A FIT  in  his  thesis.  Development  of 
a  linear  Flowmeter  for  low  Flow  Rates  (Ref  1).  However,  in  order  to 
obtain  pressure  drops  on  the  order  of  1.0  to  10.0  cm  Hg  from  these  flow¬ 
meters  at  the  required  flow  rates  for  this  experiment,  excessively  long 
flowmeters  of  rather  large  diameter  were  necessary  to  maintain,  the  laminar 
flow  of  gas  within  them.  The  requirement  that  the  flowmeter  response  be 
nearly  linear  with  mass  flow  demands  laminar  or  Poiaeuille  pipe  flow  and 
insures  that  the  error  in  reading  the  calibration  curve  will  be  nearly 
constant  with  mass  flow  (Ref  1211-lb). 

Fbr  the  above  reasons,  the  coiled  capillary  flowmeters  were  selected 
as  meeting  the  criteria  of  simplicity,  linearity  of  response,  and  nominal 
expense.  Thanks  are  due  Mr.  Erich  Soehngen  of  the  Thermomechanics  Branch 
of  ARL  for  his  assistance  in  obtaining  the  critical  Information  concerning 


106 


Ol^hys/63-2 

the  design  and  construction  of  these  flo— store. 

The  o—plete  derivation  of  the  theory  for  the  coiled  capillary 
floe— ter  any  toe  found  in  an  article  toy  H.  N.  Powell  and  W.  0.  Brawns  in 
the  Review  of  Scientific  Inatna— rta,  Vol.  28,  No. 2,  February,  1957, 
entitled  "tJee  of  Coiled  Capillaries  in  a  Convenient  Laboratory.  Plo— star." 
The  r—ar table  thing  about  these  flows stare  is  that  lawlnar  flow  way  toe 
Maintained  at  Reynolds  ambers  as  high  as  15,000.  Fbr  the  linear  flow- 
■stars,  transition  froa  laadnar  to  turbulent  begins  at  a  Reynolds  amber 
of  about  2,000.  Bras,  — ss  fie—  as  maoh  as  7  ti— e  as  higi  as  tho—  in 
linear  m tere  may  be  Monitored  with  the  coiled  capillaries,  yielding  the 
desired  range  of  use.  fig.  U2,  p.  108,  shorn  the  dependence  of  the 
critical  Reynolds  auabar  on  the  ratio  of  capillary  diameter  to  the  oenter- 
to -center  ooil  diameter.  The  —ad ana  allowable  Reynolds  omaber  of  15,000 
occurs  at  a  ratio  of  about  0.11  (Ref  12tl39). 

Hand  oow>utations  .were  perfbneed  for  a  aass  flow  of  10.0  lb/far  of 
argon  at  an  qpstreaa  preesure  of  226.0  ca  hg,  and  a  pressure  drop  of 
12.0  ca  Hg  for  a  ooil  with  12-ft.  of  tube  between  pressure  taps  and  a 
total  length  of  13-ft.  The  results  indicated  a  need  for  the  use  of  the 
optimal  capillary-dia— ter-to-ooil-diaawtar  ratio  of  0.11.  fortunately, 
0,25-in.  OD  soft-drawn  copper  refrigeration  tubing  with  an  iqalde  diameter 
of  0.172-in.  provided  this  ratio  whan  wrapped  around  a  1.512-in.  diameter 
pipe* 


D  »  O.  \  7  Jl  in . 

0t=  1.3  I  A.  +  O.Z.SO  a  I.  5  i  a.  irv. 


9,11  A. 
i.5  ta. 


o.iio 
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Capillary-to-Coil  Diameter  Ratio 
Fig.  42 

Dependence  of  Critical  Reynolds  Number 
(for  transition  to  Turbulent  Flow) 
on  Diameter  Ratio,  D/Dc 
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Dm  0.25-in.  copper  tub*  was  e*l*ct*d  as  this  is  •  readily  available 
item.  The  pip*  for  winding  th*  ooils  was  found  in  th*  laboratory. 

th*  author*  of  th*  artiol*  on  th*  flowetare  sugg*at*d  a 
combination  of  eqpirieal  and  th*or*tioal  calibration*  the  non-unifbmity 
in  th*  dia— tar  of  the  oopper  taking  aad*  it  just  a*  easy  to  calibrate 
the  ooils  by  ogsirical  means.  Th*  prooador*  employed  was  a*  follows  t 

1.  Th*  mab*r  of  oubio  feet  of  argon  at  known  tanperatur*  and 
pressure  which  passed  throng  the  flows  ter  in  a  tins 
somewhat  greater  than  200  see  was  recorded.  The  calibra¬ 
ting  gas  aster  was  an  American  Meter  Go.  Model  176*  with 

a  range  of  20.0  to  b50.0  eu  ft/br  at  SIP*  and  a  seal* 
calibration  of  0.01  cu  ft.  Pressure  on  the  upstream  side 
of  this  meter  was  measured  with  a  mercury  nanometer;  th* 
temperature*  with  a  Harco  Laboratories*  Inc.*  Thrlft-thara 
iron-oonstanten  thsraoooupl*.  The  time  was  monitored  with  e 
stopwatch.  Us*  of  200  sec  as  a  monitoring  period  allowed 
sufficient  gas  to  pass  through  th#  system  to  reduce  the 
experimental  error.  Also*  an  error  tl  sso  was  only  0.55 
of  th*  total  tins. 

2.  Th*  above  data  was  converted  to  lb/hr  by  the  conversion: 

lb/hr  * [(sec/cu  ft)x(hr/##c)x(cu  ft/lb )] 
iter*  th*  last  or  density  tern  was  oorrsotsd  for  tewperature 
aad  pressure  at  th*  calibrating  aatar. 

3.  The  observed  drops,  n  p  *  were  then  corrected. 

Ap'=  hp(  I  -np4tpm)  (19) 
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xx  t.  cm  Hg,  the  pressure  at  the  upstream  tap  of  the 
coiled  capillary  flows  ter.  Variations  in  this  pressure  from 
atmospheric  fluctuations  were  Ijt  or  less,  and  produced  less 
of  an  error  in  the  value  of  hp'.  For  low  flows,  (less  than 
U.O  lb/hr),  the  correction  for  the  upstream  pressure  may  be 
neglected. 

U.  The  final  results  were  plotted  as  corrected  pressure  drop 
in  cm  Hg  vs  argon  mass  flow  in  lb^ur  as  shown  in  Fig.  l|l, 
p.  ioU. 

Qplrical  calibration  eliminated  the  chance  of  large  error  from  an 
erroneous  or  varying  value  of  capillary  diameter  which  must  be  raised  to 
the  fourth  power  in  the  analytic  .expressions  for  the  coiled  capillaries. 
The  equations  ahich  follow  are  the  key  equations  in  the  design  of  the 
coiled  capillary  flowsetars. 

The  pressure  drop  in  cm  Hg  across  the  coll  is  given  by  (Ref  12:139) : 


Were 


Ap(i-np/a.pm)  *  *>.  ti  x  io~*  n  v  lc  k 
M  9  mass  flow,  lb/hr 

L  9  length  of  coil  between  pressure  taps,  ft. 
D  9  ooil  diameter,  ft. 


(20) 


b  *  absolute  viscosity,  ft2/hr 
K  9  conversion  factor,  lb/ft2  to  cm  Hg 
C  =  ooil  factor. 

The  ooil  factor,  C  ,  has  been  determined  for  a  wide  range  of  capillary- 
ooil  ratio#  and  ia  given  by  (Ref  12:139): 
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c-e-f-f^rrr 

Tram  Fig.  bl,  P.  10b,  w  can  see  that  for  a  flow  of  10.0  lt0ir,  a 
oorrected  prospers  drop  of  12.3  on  Hg  la  obtained.  applying  ttaa  abort 
formulas  for  tha  Sana  aaaa  flow,  tha  par aa aura  drop  ia  12. b  cm  Hg  at  a 
Haynolda  nonber  of  16,000.  The  txaaarical  data  and  thia  latter  computation 
■ay  be  found  in  Ippendlv  D,  lawpla  Computations,  pp.  116-117. 

It  ia  naoaaaary  to  note  that  no  oorraetiona  were  spiled  for  tha 
capillary  diameter  aa  recowndsd  by  Powell  and  Broune  (Ref  12tlbl). 

Thera  was  a  degree  of  flattening  Buffered  by  the  tuba  in  the 
prooeaa,  taut  this  flattening  apparently  did  not  change  the  effective 
dianeter  by  a  aignifioant  amount.  Other  oooputationa  for  various  aaaa 
flows  showed  agre meant  to  ±$%  or  less  between  the  theoretioal  and  observed 
preeeure  drops. 

In  general,  the  calibration  of  the  flows  tore  wi  carried  to  ±1)1 
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Appendix  D 
Saple  Concntations 


Dm  data  up  ad  in  the  computations  in  this  appendix  was  taken  froai 
the  first  or  right-hand  eoluan  of  Table  I,  p.  81,  except  as  noted. 

Arc  Power 

Power  =  Voltage  x  Current 
=  229.0  x  1*5.0 
P  -  10.3  kw 

Voltage  Gradient 


Fbr  sections  5-6: 

V  a  15.3  wolte 

Z  s  1.1*5  cb  (Table  HI,  p.  82.) 


E  =  10.6  r/cm 

Power  Ioeaes  to  Opponents 
Constanta  for  Water 
Inlet  teperature  =  52.3°F 

Cp  =  1.00  Btu/lb  °F  for  teperature  range  50-l50°F. 
1  gpn  -  501.0  lb/hr 
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Cathode  low 

Water  outlet  temperature  *  52.7°? 

AT:  $2.7  -  52.3  -  O.U°P 
Water  flow  =  1.31  B*  *  501.0  Ib-Ma/iur-gal 
a  =  656.3  lb /hr 
Pc*  A  CpAT 

«  (656.3) (1.00) (O.U) 

Pc  =  263.0  Bta/fer 
1  Btu/br  *  0.293  watte 
Pc  a  77.1  « 

Secondary  teode  Lace 

A  a  1.31  gpm 

»  656.3  lb/hr 

Outlet  water  temperature  =  55.0°P 
A  t  =  55.0  -  52.3  =  2.7°? 

P2  =  (656.3X1.00)  (2.7) 

=  1772.0  Bta/br 
P2  =  519.0  w 

Loee  to  Wall  Segment*  14; 

A  »  0.26  on 
= 130.0  lb/hr 

Outlet  water  tanperature  67.0°P 


113 


aa/Fhy/to-2 

AT  *  67.0  -  52.3  =1U.7°P 
fl4i=  (130.0)(1.00)(1U.7) 

*  1911.0  Bta/hr 
Pl4t-  560.0  « 

Ip—  to  Ml  Seoante  5-6 
a  =  0.26  gpa 
=  130.0  lb/hr 

Outlet  —ter  temperature  =  75.0°F 
AT  =  75.0  -  52.3  =  22.7°P 
P5_3=  (130.0)  (1.00)  (22.7) 

=  2951.0  Btu/hr 
p5-8  =  765.0  * 

Lo—  to  ¥>11  Segaenta  9-12 
a  =  0.26  gpa 
=  130.0  lb/lir 

Outlet  —ter  teereratirre  =  8U.2°F 
A.  T  s  8U.2  -  52.3  =  31.9°P 
p9-12=  (130.0)  (1.00)  (31.9) 

=  ltlltf.O  Btu/hr 

p9-12  =  121$.0  * 
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Aaoda  to— 

■  =1.1|0  gpm 

-  701.0  iM» 

Oatiat  water  twyratnra  *  6l.7°T 
AT*  61.7  -  52.3  »  5.1*°P 
Pa  =  (701.0)  (1.00) (5.b) 

=  6585.0  Bta/tar 
Pa  *  1530.0  w 

Tbtal  Power  law 

pt '  pe  +  p2  +  PI-U  +  p5-8  +  P5-12  +  P* 

=  77.1  •*.  $15.0  +  560.0  +  765.0  + 1215.0  *•*  1530.0 

=  5066.lv 

?t  =  5.07  tar 

Oaa  Inthater  Blaa 

pr  p-pt 
=  10.3  -  5.07 

Pg  *  5.23  tar 
1  tar  =  3U3.0  Btu/hr 
Pg  =  17,850.0  Btn/tar 

H  -  Pg/fct 
*  22.13  lb/hr 
H  *  (17,850.0)/(22.13) 

H  =  807.0  Btu/lb 
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Calibration  of  Densitometer  Distance  Scale 

The  following  data  is  available  on  reqosst  fron  the  author, 
reoordar  charts  ware  far  too  long  to  be  included  in  this  work. 
Width  of  window  =  0.530  cat 

Width  of  dansitonetar  trace  at  half-naxlanm  =  91.0  units 
Seale  factor  =  2g|i|, 

*  0.00580  on/div 


Are  Radius  Meaarsaant 

Extrapolated  are  dianater  =  94.2  units 
Are  dianater  =  Scale  factor  x  Extrapolated  are  diameter 
=•  (0.00580K9U.2) 


*a 


R*  =  0.273  on 


Calculations  for  Coiled  f-f*  1 i  fry  flowmeters 

Assmdng  the  following  values  for  the  floiawters  and  argon 
(at  298,5  C  and  226.0  cm  Hg)s 
0  «  0.172  in.  =  0.011*3  ft 
0 

5  -  0.110 
N  =■  10.0  lb/hr 
L  =  12.0  ft 

M  *  0.0555  lb/hr-ft 
»  *  0.167  ft2Ar 
K  -  0.0359  a  Hg/(lb/ft2) 


the 
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W? - (6'M$Wr 

Ra  «  1.60  x  10^  »  16,000.0 


C 


( _ _ 

.15' 

2.22  ' 

\  R»  (B/De)*5 

C  =  7.51 

Ap(l-Ap/2p^)  = 


11.6  \-W 

2.22 

(1.6  x  lO^Ho.ll)*5  /  J 

- 

(9.61  x  ID-8)  M  L  C  -u  K 

D1* 

-  (9.61  x  3D*‘8Hl0.0)(7.5l)(0.l67)(0.0359) 

(1.U3  x  ID-2)1* 


A  p(l-  Ap/^p,)  s  I2.lt  am.  Hg 
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Appendix  B 
List  of  Sybols 

Sacbol 

A  Duaay  oonstant  for  nuMorieal  eolation  to  EHenbaas-Heller 
equation* 

B  IXusay  oonstant  for  mnerical  eolation  to  KLlenbaaa -Heller 
equation, 

B  Eqplrioal  oonstant  of  radiation 

C  Coil  factor  for  coiled  papillary  flowwter 
Cp  Specific  heat  at  constant  pressure 

D  Capillary  disaster 

D0  Coll  diaaster 

B  Electric  field  strength 

H  Rise  in  specific  gas  enthalpy 

k  Theraal  conductivity 

K  Boltsaann's  constant 

K  Conversion  factor 

K  Total  electron  and  ion  mobility 

L  length  of  ooil 

4  Mass  flow  rate 

M  Mass  flow  rate 

a.  Electron  density 

p  Pressure 

P  Power 

q  Electron  charge 

r  Instantaneous  radius 
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aaa 

R  Plxid  radios 

Ra  At  the  ere  reditu 

Re  Reynold*  amber 

s  Specific  heat  at  constant  presmre 

S  Beat  loee  by  oondnotion 

T  Temperature 

U  Toltaeotrle  radiation  loee 

▼  Velocity 

V  Voltage 

Vex  Imitation  potential 

2  Mmi  Ajr+»***  p  areas  ter 

A  Incrnaant.  in  a  variable 

e  THnsrurtnnlee*  teaperature 

Vs  Mnenaionleaa  thezaal  oondoctivity 

Dynaedc  viaoosity 
v  Absolute  viaooaity 

^  Density 

<r  Hectrical  conductivity 

X  Dinensionless  elaotrioal  conductivity 

$  Dlaansionleas  teeperature  gradient 

v  Del  operator 

Sobscripts 

a  Pertaining  to  or  at  the  anode 

e  Pertaining  to  or  at  the  cathode 
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Subscripts 


c 

Ges 

L 

Per  unit  length 

a 

Condition  at  reservoir 

n 

Present  instantaneous  value 

n-1 

Last  previous  instantaneous  value 

n-2 

Seoond  last  previous  instantaneous  value 

t 

Total  loss 

T 

Total  flow 

▼ 

Par  unit  voluae 

V 

Pertaining  to  or  at  the  channel  wall 

2 

Pertaining  to  or  at  the  secondary  anode 

Ui 

Pertaining  to  parous  injector  wall  segments 

1-h,  inclusive 

5-4 

Pertaining  to  porous  injector  well  seg— its 

5-8,  Inclusive 

9-12 

Pertaining  to  porous  injector  wall  sag— ite 

9-12,  Inclusive 

f 
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